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[Tepiinyn

H apeifolrog givar pia devtepoyevig ¢aom mov cuyvd VEICTUTOL 08 VIEPUAPIKEG AMBoAoYieg
(EevoMBkol mepidotiteg Tov povdva, AATIVOTUTTOL Kol 0ploABikol mepdoTitec) 6e ddpopa
nepPdAlovta OTOG HoyUaTIKA TOE0, ECMTEPIKA TAOK®OV, PYUOTH LUETAGYNUATIGHOV, (DVEG
dappnéng kar ovykpovone. H dnuovpyio g €xer omodobel eite oty oAAnAemidopacn
PELOTAOV/TNYUAT®V LE TETPOUOTA TOV HovODa ite oty anevbeing kpuoTtdAlmon and Evudpa
mypato. [o tov okomd ¢ mopovoag epyaciag, cuviédnke pia extevig PifAloypagikn Bdon
dedopévov mn omola mepAOUPAvEL TG OLOTACEL;, O KOPL oTolXEln, OUEIPOA®Y OV
Bpiokoviol o€ VIEPLAPIKA TETPOUOTO GE SLOUPOPETIKE YEMTEKTOVIKA TEPIPAAALOVTO OV TOV
koopo. Emiong copmepiinebnioy yeoynpukd dedopéva appiBormv omd éva gupd QAcHO
NPUCTENKAOV TETPOUATOV (LAPIKE £0G PEAGIKE) TOGO GE PUGIKEG OGO KOl GE TEIPOLOTIKES
ouvinkeg. H pehétn kot oOykpion v Tpoavapepfiviav GLALOYOV dESOUEVOV ETETPEYE TNV
Slakplon Seop®Y TOT®V AuEIPOA®V KobmG Kol TNV Katavonon e onpovpyiag tomv
apeipormv otov pavova. [T cvykekpipéva, ot apeiforor Tomov-1 (mhovoieg oe Na ko Ti,
oAb oTeyég oe Cr) €yovve mpokOyel amd TV omevdeiag KPLGTAAAWGON amd PUCOATIKA,
Bacovitikd, avoeotTikd, dakiTikd THyuate Kot fpickovtal Kupiog oe Nrelp@Tkd To&a (..
Koaprodtka, Poocia), mtepifariiovia ecwteptkd tov mAokdv (T.y. Avtikd Awpel, I'epuavia) ko
okedvia oo petacynuatiopov (m.y. 15°20' Zovn Adppnéng, Méco-Athavtikn pdyn). Ot
aupiporor Tomov-1I eivar mhovoleg oe Cr ko mepiéyovve didpopa mocootd oe Ti kot
oAkdMoa. ‘Eyovve mpoxidyel amd v avtidpacn HETAED TNYUATOV Kol OPLKTOV TOL HAvOLQ
(xvpimg KhvomvpdEevo Ko omivéMo). Bpiokovior cuvifmg o€ poypotikd kévipo GTo
£0MTEPIKO TV TAOKDV (T.Y. Mocip Zoavipdld, ['aAria) Kot o pepikd NIePpOTIKA TOE (TT.).
Trowopeykata, larwvia). Ot Tomov-II apeifolot avtimpocmmebovy TV oAANAEmidpaon
£V0OPMV PELGTMOV KOL TNYUATOV LE VTEPUAPIKA TETPMOUOATA, GE TEPLOYEG LOVAV VITOY®YNG Kot
yopoaktnpifovtal omd vynAd mtocootd o€ Cr kot aikdiio, oAAG pikpd mepieyouevo og Ti. Ot
Tomov-1II apeiforor evromilovion oe wkedvia 10&a (w.y. TUBAF, PNG), oploliBovg (m.y.
OpuolMbog g Avkiag, Tovpkia) aAAd cvyvd koi oe MrePOTIKE TO&0. EmmAéov, omnv
Tapovoa epyacia, dnuovpyndnke Eva Bepuduetpo avioriayng Fe kot Mg petal&d apeiBorov
Kot KAvomupo&évov 10 omoio Pabuovounbnke cOupova pe TPOHTAPYOVTO, TEPAUATIKA
dedopéve oe VTEPUOPIKEG cLOTACELS. To opdiua tov Bgppopétpov eivar £34 °C ya éva
gvpog mieong 0.5-3.7 GPa. Epappolovtag to Beppopetpo o meptdotitikovg Egvoribovg, mov
delyvouv evdei&elg yMUIKNG 1o0ppomiag Kot 160pPOoTTiog VOOV UETAED TMOV OPLKTMOV TOV UovODa
(my. Avtiko Awped, eppovia; Avatoiikn TpoavovAifovikn Aekdvn, Povpavia), mpokdntovy
Oepuokpaocieg mov eivan cuykpicueg pe ) dutvpoleviky Beppopetpio avrailoyng Fe kot Mg.
To véo Oepudpetpo umopel va ypnowwomondel ywoo va meprypayel tnv Oepuodvvopikn
1o0ppoTia TNG AUEBOAOD Kol TOV KAVOTTUPOEEVOL GTOV ooV

AéEerg KAedd: apeiforog, Kitvomvupodcevog, pavdvog, 1ooppomia, OepudpeTpo



Summary

Amphibole is a secondary phase commonly found in ultramafic lithologies (mantle
xenoliths, Alpine-type and ophiolitic peridotites) occurring in diverse environments
such as magmatic arcs, plate interiors, transform faults, rifts and collision zones. Its
formation has mainly been attributed to fluid-melt/rock interaction or direct
crystallisation from melts/fluids. For the purpose of the present thesis, an extensive
bibliographical database has been compiled. It involves major-element
compositional data of amphibole in ultramafic rocks from various geotectonic
settings around the globe. Additionally, amphiboles related to a wide spectrum of
melts spanning from felsic to mafic in composition, both natural (rock samples) and
synthetic (laboratory experiments) have also been considered. Type-I amphiboles
(enriched in Na and Ti but depleted in Cr) are the products of direct crystallisation
from basaltic, basanitic, andesitic and dacitic melts and are mostly found in
continental arcs (e.g. Kamchatka, Russia), within-plate settings (e.g. West Eifel,
Germany) and oceanic transform faults (e.g. 15°20'N Fracture Zone, Mid-Atlantic
Ridge). Type-II amphiboles are Cr-rich, contain variable amounts of Ti and alkalis,
and form via reaction between the aforementioned melts and primary mantle phases
(mostly clinopyroxene and spinel). They are usually found in within-plate magmatic
centers (e.g. Massif Central, France) and several localities in continental arcs (e.g.
Ichino-megata, Japan). Amphiboles belonging to type-III reflect hydrous fluid/melt-
rock interactions above subduction zones. Type-III amphiboles are predominantly
encountered in oceanic arcs (e.g. TUBAF seamount, PNG) and ophiolites (Lycian
ophiolite, Turkey) but occasionally they also occur in continental-arc settings. We
have furthermore calibrated a new Fe-Mg exchange thermometer between amphibole
and clinopyroxene based on existing experimental data on ultramafic compositions
with an error of +46°C in the pressure range 0.5-3.7 GPa. Peridotite xenoliths that
display good evidence of textural and chemical equilibration among their constituent
minerals (e.g. West Eifel, Germany; Eastern Transylvanian Basin, Romania) yield
amphibole temperatures comparable to those predicted from two-pyroxene Fe-Mg

exchange thermometry.

Keywords: amphibole, clinopyroxene, mantle, equilibrium, thermometer
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CHAPTER 1

Amphiboles: Crystal Structure — Classification /
Nomenclature

Introduction

Amphibole is one of the most common and important rock-forming minerals
and has been a matter of discussion for decades in the field of geosciences. Its name
origin comes from the Greek word “aup@iforoc” meaning “ambiguous”. Because of
its enormously variable chemical composition, amphibole is abundant in a wide
compositional spectrum of rocks. Amphiboles can be found in silica-laden igneous
rocks such as dacites, rhyolites and andesites but it also occurs in basic rocks rich in
olivine such as basalts and peridotites. In metamorphic rocks, amphibole is an
important phase present in greenschist, amphibolite, granulite, blueschist and eclogite
facies. This shows that it can be formed and preserved in a wide spectrum of
temperatures and pressures. Metamorphosed siliceous dolomites, calcareous
metasediments and metamafic to metaultramafic rocks can all contain amphibole
given water availability and appropriate P-T conditions (i.e. within the amphibole
stability field). Several segments of the metamorphic evolutionary path of many rocks
could, therefore, be unlocked by examining the physicochemical processes that led to
the formation of amphibole. However, amphibole is a complicated mineral. The
number of chemical components that can be incorporated in its crystal structure is
very large and this, in turn, creates numerous end-member compositions which will be
discussed in the following pages. In fact, Engel & Engel (1962) have referred to
amphibole as being a mineralogical “sponge” and Ernst (1968) as a “mineralogical
wastebasket”. These characteristics, which have been noted since early works, along
with the complexity of the crystal structure are the main reasons why amphibole has
been and still is a very complicated phase to examine and understand. In order to fully
grasp and interpret the processes that are involved in its formation and subsequent
evolution one needs to look at petrologic data very carefully and in depth. This
introductory chapter aims at summarising some basic and important concepts of
amphibole formation and setting the basis for the material that will be laid out in the

next chapters.

Amphibole is not an easily identifiable mineral in hand specimen. Colourwise,
amphiboles can be white, green, brown, black or blue and they generally present a

prismatic or fibrous habit. Although these observations could be of some use, they are



never practical enough to classify an amphibole. Using plain-polarized light
microscopy (transmitted light) amphiboles can often be distinguished from other
minerals such as pyroxenes as they show two different directions of cleavage that
intersect at approximately 56° and 124°. On a few occasions the cleavage is also
visible in hand specimen as well. There is no classification scheme that enables the
identification of amphibole exclusively from hand specimen observations or
microscopy because there are not enough parameters that could be used to
discriminate amphiboles with these techniques. The classification is only possible if

the chemical composition of amphibole is known.

1.1 The crystal structure of amphibole & site occupancies

The first pioneering study that was devoted on the crystal structure of
amphibole was conducted by Warren (1929) on tremolite. This initial work was very
influential for scientists to start uncovering more details and gradually a great amount
of interest arose about amphiboles. Many studies have been published since that shed
ample light on the structure of amphibole with variable composition (see Ernst, 1968
and references therein). The basic characteristics of the amphibole structure that were
inferred back then do not have many critical differences with modern works
(Hawthorne & Oberti, 2007a). In order to understand the crystal structure of the
mineral and how it is related to site occupancies, the general chemical formula of

amphibole must be given first.

According to Hawthorne et al. (2012) the general chemical formula of

amphibole can be written as AB2CsTsO22W2, where

A =0,Na, K, Ca, Pb, Li

B =Na, Ca, Mn"?, Fe"?, Mg, Li

C =Mg, Fe?, Mn"2, Al, Fe", Mn"™, Cr"?, Ti", Li
T =Si, Al, Ti**, Be

W = (OH), F, Cl, 02

Sites T and C represent the tetrahedral and octahedral sites, respectively. Site
C shows the highest variability as it can be occupied by a greater number of chemical
elements compared to the other structural sites. It can additionally contain trace
elements such as Zn, Ni*2, Co™, V™3, Sc and Zr. It is, also, the only site containing
Fe™ and Cr". Symbol “0” in site A represents vacancies which are very often found

in the structure of amphiboles. Hydroxyls, F, Cl and oxygens are all located in W.
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Figure 1: A simplified model showing the crystal structure of amphibole (Hawthorne & Oberti, 2007a)

The amphibole crystal structure can be described by two principal
components. A double chain of corner-sharing silica tetrahedra (T-site cations) and
zones consisting of edge-sharing octahedra are combined together and are extending
parallelly to the c crystallographic direction (Figure 1). The double chain is what
makes amphibole belong to the chain silicate minerals. Both tetrahedral and
octahedral sites own topologically different areas. Therefore, there must be a
distinction between T(1) and T(2) types of tetrahedra and also M(1), M(2), and M(3)
types of octahedra based exclusively on their exact location in the crystal structure
(Figure 1). Site M(4) defines a free space which lies between the strip of octahedra
and the double chain and is occupied exclusively by B cations. Vacancies and cations
belonging to A are found at the center of a large cavity in the middle of the double
chain. Cations belonging to site C are sharing M(1), M(2) and M(3) sites.

The complexity of the crystal structure of amphibole arises from the existence
of multiple types of symmetries. These symmetries are represented by the so-called
space groups. Six amphibole space groups have been discovered so far, meaning six
different variants of arrangement. The vast majority of calcic, sodic-calcic and alkali
amphiboles belong to the C2/m space group. The Mg-Fe-Mn amphiboles can be
divided into orthorhombic (this relates them to space groups Pnma or Pnmn) or
monoclinic (space groups C2/m or P2i/m). Lithium-bearing amphiboles can also be

orthorhombic (space group Pnma) or monoclinic (C2/m). As this study mainly deals



with calcium, sodium-calcium, and magnesium-iron-manganese amphiboles, the most
pertinent space groups will be briefly described. A detailed description of all
amphibole space groups may be found in the work of Hawthorne & Oberti (2007a).

Figure 2: The C2/m structure of amphibole (Hawthorne & Oberti, 2007a).

As it was shown earlier for C2/m amphiboles, the T(1) and T(2) sites form a
double chain of corner-sharing tetrahedra. Each site is coordinated by four oxygens as
seen in Figure 2. The T(1) tetrahedra form the bridges that tie the double chain
together. The octahedral sites M(1), M(2) and M(3) are coordinated by six oxygens
each and are sharing edges with each other. The tetrahedral double chain is linked
with the octahedral strip by the denoted O(4) oxygens as presented in Figure 2. Site
M(4) is located at the empty space in between the double chain and the octahedra and
as noted earlier is occupied by B cations. As noted in Hawthorne & Oberti (2007a),
this site is very important for the classification of amphiboles as it is responsible for
almost all of the compositionally major subgroups of amphiboles but it also defines
the different space-group symmetries. Lastly, cations belonging to A are found in the
free space in the middle of the double chain and are coordinated by twelve oxygens

but they do not always form bonds together.

Space group P2i/m differs from C2/m in possessing four distinct T sites (T1A,
T1B, T2A, T2B) instead of two. These tetrahedral sites link with each other to form

two distinct types of double chains which are referred to as A-chain and B-chain.




There are three octahedral sites M(1), M(2), and M(3) which are occupied by cations
belonging to C. This time, the octahedron strip is bonding with oxygens of the A-
chain from one side and with oxygens from the B-chain on the other side. The M(4)
cations (practically B cations), although they are surrounded by eight oxygens, they
might not be tied with all of them. Amphiboles that are defined by this symmetry
usually have unoccupied A sites which are filled with vacancies. Space group Pnma is
very similar to P2;/m with some minor differences in symmetry. The cavities between
the double chains are also occupied by A cations compared to P2i/m in which they
were empty. On the other hand, Pnmn space group shows many similarities with
C2/m, having only two tetrahedral sites (T1 and T2) that form a single double chain.
It is also defined by three octahedral sites in a similar manner to C2/m but with
slightly different symmetries.

What has been presented so far is the main structural unit of amphibole.
However, the structural units are repeated in space. Generally, the complete
amphibole structure may be thought of as a succession of tetrahedral and octahedral
sheets that are stacked together. The stacking sequence depends on the space group
that the amphibole belongs to (Hawthorne & Oberti, 2007a).

1.2 Classification schemes

Having clarified the most important aspects of the amphibole crystal structure,
the next critical step is to have a classification scheme and name the amphiboles
according to their chemical composition. The rapid discovery of new end-member
compositions and the improved understanding of amphibole has led to a progressive
development of classification nomenclatures that have attempted to thoroughly
express the chemical characteristics of amphibole. The first systematic effort on
amphibole classification was made by Leake (1968). In that study, almost 2000
major-oxide amphibole analyses of calciferous to sub-calciferous compositions were
examined. This led to IMA1978, the International Mineralogical Association meeting
that proposed the first nomenclature on the classification of amphiboles in 1978
(Leake, 1978). Subsequent modifications of the original scheme led to IMA1997 and
IMA2004 (Leake et al., 1997; Leake et al., 2004) which were aiming to simplify
IMA1978 and make the nomenclature more accessible but still detailed and inclusive.
These classification schemes received even more revisions by Hawthorne & Oberti
(2006, 2007b). This led to the most recent classification that has been proposed by
Hawthorne et al. (2012) who tried to encompass new discoveries in the field of
amphibole geochemistry (IMA2012). Since IMA2012, even more new end-member



compositions have been identified (e.g. Reznitsky et al., 2018; Hawthorne et al.,
2022).

All of the aforementioned classification methods agree on the fact that two
major groups of amphiboles exist in nature. Those that are dominated by OH, F and
Cl in site W and those in which site W is mostly occupied by O2. One of the critical
differences between IMA2012 and IMA1997-2004 was the consideration, in the
former, of amphiboles that contain significant amounts of lithium. Lithium can form a
solid solution with sodium in the M(4) site. It was previously pointed out that M(4) is
the prime crystallographic site used for the determination of different types of
amphibole subgroups. Evidently, a new subgroup had to be considered based on
lithium. Moreover, IMA1997 and IMA2004 mainly used cations residing in sites A, B
and T to discriminate between different types of amphibole. However Si, which is
only found in site T, is invariant and therefore it is not a practical enough element to
classify amphiboles. Cations residing in sites A, B and C are much more useful
because they can be incorporated in more than one site (Hawthorne et al., 2012). A
few other additions of IMA2012 involve the consideration of more detailed prefixes

and the decision to use uniform labelling of amphibole subgroups.

For the reasons presented above, IMA2012 will be used throughout this study
as it is the most recently approved scheme and considered to be more consistent and
complete compared to previous versions. IMA1997, however, has persisted in the
literature to this date. In the following section, the nomenclature of IMA2012 will be
compared to that of IMA1997 focusing on the amphibole subgroups that will
predominantly be used in the present study. It was deemed useful to present both
classification schemes so that the reader can thoroughly appreciate the effects of the
controlling chemical parameters on amphibole classification. The subgroups that are
going to be mostly discussed are the calcium, sodium-calcium, sodium and
magnesium-iron-manganese subgroups which all belong to the ¥(OH, F, Cl)-dominant
group. One specific end-member composition of the WO2-dominant amphiboles will

be additionally discussed.

1.2.1 Calcium amphiboles

Calcium amphiboles form one of the most important subgroups and, as it will
be shown later, they are the main subject of interest as they occur in rocks of multiple
compositions. According to IMA2012, amphiboles that belong to this subgroup,
should fulfil the following structural/chemical criteria:



B(Ca + M)/ B >0.75
&
BCa/sB > PLM'Y/EB

where BEM*? refers to the sum of divalent cations in site B and B to the total sum of
cations in site B. The main calcium rootnames following IMA2012 are depicted in
Figure 3. At this point, it must be noted that a rootname describes a distinct species
with a unique chemical composition which can be slightly modified (e.g. pargasite
could become ferro-pargasite if divalent iron substitutes for magnesium).
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Figure 3: Compositional boundaries that define calcium amphiboles. The heavy solid black lines and
the black squares represent the end-member compositions (Hawthorne et al., 2012).

In Figure 3, the x-axis is defined by the (Al + Fe** + 2Ti) content of amphibole
in site C. The y-axis, on the other hand, is defined by the (Na + K + 2Ca) content in
site A. Tremolite (0CaxMgsSigO22(OH),2) and edenite (NaCaxMgs(Si7Al1)O22(OH)2)
both contain minor or no amounts of “(Al + Fe™® +2Ti). However, the edenitic
rootname contains one atom of Na in site A while tremolite is characterized by a
vacancy in site A. Therefore, Na in site A can easily distinguish edenite from
tremolite. Likewise, pargasite (NaCax(MgsAl)(SicAl2)O22(OH)) and magnesio-
hornblende (0Cax(MgsAl)(Si7Al)O22(OH)2) are both characterized by identical,
intermediate amounts of the x-axis variable but are discriminated by their content of
the y-axis variable with pargasite being generally more Al-rich. Sadanagaite
(NaCax(Mg3Al»)(Si5Al3)022(0OH)2) and tschermakite

(OCax(Mg3AlL)(SicAl2)O22(0H),) are showing the highest contents of “(Al + Fe™



+2T1) but sadanagaite is the more alkali-rich end-member. Evidently, the most Al-

poor phases are edenite and tremolite and the most Al-rich calcium amphiboles are
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Figure 4: The calcium amphibole classification scheme according to Leake et al. (1997). (a). Calcium
amphiboles with (Na + K)a > 0.5; (b). Calcium amphiboles with (Na + K)a <0.5.

sadanagaite and tschermakite. The chemical formulae of all important end-

member compositions are tabulated in

Table 1.

Leake et al. (1997) had proposed a completely different method to name
calcium amphiboles. According to them, a calcium amphibole is any amphibole with
Cag > 1.5. If that criterion is met, then the parameter (Na + K)a defines whether the
amphibole belongs to the edenite-pargasite-hastingsite-sadanagaite-kaersutite or to the
actinolite-hornblende-tschermakite-cannilloite group (Figure 4). Kaersutite represents
the compositions that contain more than 0.5 atoms of Ti per formula unit. Cannilloite
(CaCax(MgsAl)(SisAl3)O22(OH)») is defined by Caa > 0.5 and is plotted on a separate



diagram. Furthermore, IMA1997 used the value of Mg# (ﬁ) and that of Si in

site T to designate the name of amphibole (Figure 4). It is evident that edenite and
actinolite/tremolite are the most Si-rich calcium amphiboles while sadanagaite and
tschermakite contain relatively low amounts of Si. All of the roothames in which Fe™
becomes important adopt a ferro- prefix and they are shifted towards compositions
with smaller Mg#. Pargasites and ferro-pargasites show Si ranging from 5.5 to 6.5
atoms per formula unit (apfu). Magnesio-hornblendes show Mg# > 0.5 but Si is
ranging from 6.5 to 7.5 apfu. According to Figure 4, tremolite is identical to actinolite
in terms of Si but they differ in terms of Mg as tremolite is showing Mg# above 0.9.

Calcium amphiboles are defined by eight root compositions which can be
additionally described by numerous prefixes and form different end-member
compositions. The end-member compositions of amphiboles in the calcium subgroup

that will be used in this study are displayed in

Table 1 following Hawthorne et al. (2012). At this point, it is important to note
that, based on IMA2012, kaersutite is not regarded as a calcium amphibole but as an

oxo-amphibole.

1.2.2 Sodium-calcium amphiboles

Based on Hawthorne et al. (2012), sodium-calcium amphiboles are defined by

the following criteria:
0.75> B(Ca + EIM"?)/ZB > 0.25, BCa/ZB > BxM /2B
and
0.75 >B(Na + Li)/ ZB > 0.25, BNa/~B > BLi/=B

Sodium-calcium amphiboles can be distinguished from each other using the
same parameters as in the calcium subgroup (Figure 5). The sodium-calcium
amphiboles that will mostly be mentioned in this study are richterite
(Na(NaCa)MgsSigO22(OH)2) and katophorite (Na(NaCa)(MgsAl)(Si;Al)O22(OH)2);
they are both rich in Na and are plotted in the upper part of Figure 5. Richterite
contains insignificant amounts of Al compared to katophorite, therefore, the two can
be distinguished on the basis of the (Al + Fe™ +2Ti) parameter on the x-axis. The
compositional boundary between calcium and sodium-calcium amphiboles is also

indicated in Figure 5.



Following the nomenclature of Leake et al.

amphiboles are defined by the parameters:

(Ca+Nag)>1.0

10

(1997) sodium-calcium

and
0.5<Nap<1.5
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Figure 5: Compositional fields for sodium-calcium amphiboles (Hawthorne et al., 2012). The diagonal

line indicated by the red arrow marks the boundary between calcium and sodium-calcium amphiboles.

If (Na + K)a is equal to 0.5 or higher, the amphibole is plotted in the richterite-
katophorite-taramite diagram (Figure 6a). If (Na + K)a is lower than 0.5, the

amphibole is plotted in the winchite-barroisite diagram (Figure 6b). Richterite is more

Si-rich compared to katophorite, having values from 7.5 to 8 apfu.
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Figure 6: The sodium-calcium amphibole classification scheme according to Leake et al. (1997). (a).
Sodium-calcium amphiboles with (Na + K)A > 0.5; (b). Sodium-calcium amphiboles with (Na + K)a <

0.5.
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1.2.3 Sodium amphiboles

The sodium amphibole end-member compositions that will primarily be
discussed in the present study are glaucophane (OONax(Mg3Al2)SisO22(OH)2) and
nybgite (NaNax(Mg3Al2)(S17A1)O22(OH)2) (

Table 1); their compositional fields, according to IMA2012, are depicted in
Figure 7. Also, the criteria that should be satisfied by an amphibole to belong to the

sodium group are:

B(Na + Li)/EB > 0.75

and
BNa/EB > BLi/ZB
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Figure 7: Compositional fields for sodium amphiboles (Hawthorne et al., 2012). The diagonal line

indicated by the red arrow shows the boundary between sodium-calcium and sodium amphiboles.

Leake et al. (1997) define sodium amphiboles as those that fulfil the following

criteria:

Nag> 1.5, (Mg + Fe"? + Mn*?) > 2.5
and

(Alt or Fe™) > Mn" Li < 0.5, (Mg or Fe*?) > Mn"?
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Comparing Figure 7 and Figure 8, it is evident that nybeite is more Na-rich
compared to glaucophane but glaucophane contains far more Si in its crystal structure
(7 to 8 apfu Si). The Mg# parameter is similar in both minerals and it cannot be used
to discriminate between the two. By using the classification of IMA1997, nybgite can
only be distinguished from glaucophane in terms of Si. However, according to
IMA2012, nybeite and glaucophane differ both in their Na and Al contents. Both
nybgite and glaucophane could carry in their names the ferri- and ferro- prefixes if
significant amounts of Fe** or Fe' are present, respectively.
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Figure 8: The sodium amphibole classification scheme according to Leake et al. (1997). (a) Sodium
amphiboles with (Na + K)a <0.5; (b) Sodium amphiboles with (Na + K)s > 0.5.

1.2.4 Magnesium-iron-manganese amphiboles

The two monoclinic end-members of the magnesium-iron-manganese

subgroup that will be discussed in the present work are cummingtonite
(OMgzMgsSisO2(0OH),) and grunerite (OFe; 2Fed?Sis02(OH),). The cation criteria
to be satisfied for this subgroup are as follows (IMA2012):

B(Ca+ =M*™)/2B >0.75
and
BYM*2/3B > BCa/2B

This time, the IMA2012 diagram that is used to accurately name the different
monoclinic magnesium-iron-manganese amphiboles is the ternary plot portrayed in
Figure 9, which practically uses Mg, Fe"> and Mn in sites B and C. The end-member
compositions are given in
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Table 1. Cummingtonite and grunerite both plot at the bottom of the ternary
diagram showing a very small content in Mn. Grunerite mostly contains Fe™? and Fe*
in its structure while cummingtonite is the Mg-rich end-member of this subgroup and

only minimal amounts of iron are expected to be found.
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Figure 9: Ternary diagram proposed by IMA2012 to discriminate between monoclinic magnesium-

iron-manganese amphiboles (Hawthorne et al., 2012).
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Figure 10: The classification scheme for magnesium-iron-manganese amphiboles according to Leake et
al. (1997). (a). Orthorhombic amphiboles; (b). Monoclinic amphiboles.

IMA1997 has proposed the following criteria for magnesium-iron-manganese

amphiboles:

(Ca+Nap) <1, (Mg, Fe"2, Mn, Li)s > 1, Lig < 1
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Leake et al. (1971) have also presented the diagram shown in Figure 10. It is
noticeable that cummingtonite and grunerite cannot be distinguished according to Si
but only by using the Mg# parameter which exceeds the value of 0.5 in

cummingtonite.

1.2.5 Oxo-amphiboles

The last subgroup that will be referred to in this study is the one that involves
amphiboles that are dominated by O in site W. Although this group contains four
root-names, only kaersutite is commonly found in natural rocks and is of petrological
interest. As noted by Hawthorne et al. (2012), the occurrence of O? in site W is
accompanied by high-charge (>3) cations in site C. More specifically, the Ti content
is extremely critical and is used to distinguish kaersutite from all other amphiboles. In
essence, kaersutite is the amphibole that hosts more than 0.5 apfu Ti in site C. As will
be shown in the following pages, Ti is often correlated with O in site W and can be
used as a relatively good proxy of the oxo-component in amphiboles such as

pargasite.

Table 1: Amphibole end-member compositions that will be used in this study. Names in bold represent
rootnames. Symbols are from Kretz (1983) and Hawthorne et al. (2012).

End-member name Chemical Formula Symbol

Calcium amphiboles

Pargasite NaCax(MgsAl)(SicAl2)O22(OH) Prg
Ferro-pargasite NaCay(Fe}?Al)(SisAl)O22(OH),
Magnesio-Hornblende 0Cax(Mg4Al)(Si7A1)O22(OH), Mhb
Ferro-hornblende oCay(Fe} 2 Al)(Si7Al)O22(OH),
Ferro-ferri-hornblende oCaa(Fe}2Fe™)(SizAl)022(OH),
Magnesio-ferri-hornblende 0Cax(MgsFe™)(Si7A1)022(0OH)»

Hastingsite NaCay(Fe}?Fe)(SisAl2)O2(OH), Hs
Magnesio-Hastingsite NaCay(MgaFe™)(SisAly)O2(OH),

Tremolite 0CaxMgsSisO22(OH): Tr
Edenite NaCa;Mgs(SizAl)O22(OH), Ed
Ferro-edenite NaCayFeZ? (Si7Al)Ox(OH),

Sadanagaite NaCax(Mg3Al)(SisAl3)O22(OH), Sad
Ferro-sadanagaite NaCay(Fe3? Al)(SisAl3)O2(OH),
Ferri-sadanagaite NaCay(MgsFej 3)(SisAl;)Oxn(OH),

Ferro-ferri-sadanagaite NaCay(Fe3 ?Fe;?)(SisAl3)O2(0OH),



Rootname 4

Ferro-rootname 4

NaCaz(Mg4Ti)(S15A13)022(OH)2
NaCaz(FeIZTi)(SisA13)Ozz(OH)2
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Tschermakite 0Cax(Mg3Al)(SisAl2)O2(OH), Ts
Ferro-tschermakite oCax(Fe3?Al)(SisAl2)O2(OH),

Ferri-tschermakite oCax(MgsFe) 2)(SisAl2)O2(OH)2
Ferro-ferri-tschermakite oCax(Fe3?Fej?)(SisAl.)Oxn(OH),

Cannilloite CaCax(MgsAl)(SisAl3)O02(OH), Can
Sodium-calcium amphiboles

Richterite Na(NaCa)MgsSisO22(OH), Ri
Ferro-richterite Na(NaCa)FeZ?(Sis02(OH),

Winchite o(NaCa)(MgsAl)SigO22(OH), Win
Ferro-winchite o(NaCa)( Fe}2Al)SisO2(OH),

Ferri-winchite o(NaCa)(MgaFe*3)SigO22(OH)2

Ferro-ferri-winchite o(NaCa)( Fe}2Fe™)SisO2(OH),

Barroisite o(NaCa)(Mg3Aly)(SizAl)O2(OH), Bar
Ferro-barroisite o(NaCa)( Fes2Al)(Si7Al)O2(OH),

Ferri-barroisite o(NaCa)(MgsFe;3)(Si;Al)O2(OH),
Ferro-ferri-barroisite o(NaCa)( Fei?Fef3)(Si7Al)02(0OH),

Katophorite Na(NaCa)(MgsAl)(Si7Al)O2(OH), Ktp
Ferro-katophorite Na(NaCa)( Fe;2Al)(Si;A1)022(OH),
Ferri-katophorite Na(NaCa)(MgsFe™?)Si;Al1)O2(OH),
Ferro-ferri-katophorite Na(NaCa)( Fej2Fe™)Si7Al)O2(OH),

Taramite Na(NaCa)(MgsAl)(SicAl2)O22(OH), Tar
Ferro-taramite Na(NaCa)( Fes2Al)(SisAl)O22(OH),
Ferri-taramite Na(NaCa)(Mg:Fe;3)(SisAl2)022(0OH),
Ferro-ferri-taramite Na(NaCa)( Fed?Fe}>)(SisAl2)O2(OH),

Sodium amphiboles

Glauchophane 0ONax(Mg3Al2)SisO22(0OH), Gln
Ferro-glaucophane oONax(Fes2Al)SisOx(0OH),

Eckermanite NaNax(MgsAl)SigO22(OH), Eck
Ferro-eckermannite NaNay(Fe 2 Al)SisO2(OH),

Nybaoite NaNax(Mg3zAl)(SizAl)O2(OH), Nyb
Ferro-nybaite NaNax(Fei2Al)(Si7Al)O2(OH),

Ferri-nyboite NaNax(MgsFe;3)(SizAl)O2(OH),
Ferro-ferri-nybgite NaNax(Fef?Fe;3)(Si7Al)02(OH),

Arfvedsonite NaNay(Fe2Fe*?)SisO2(OH), Arf
Magnesio-arfvedsonite NaNax(Mgs Fe™)Si5022(0OH),

Monoclinic magnesium-iron-manganese amphiboles

Cummingtonite OMgoMgsSisO22(OH), Cum
Grunerite DFe;?Fel?Sis05(OH), Gru
Oxo-amphiboles

Kaersutite NaCay(Mg3Tit*Al)(SisAl2)02.0; Krs

Ferro-kaersutite

Ferri-kaersutite

Nacaz(FG;ZTi+4A1)(SiéAlz)02202
NaCay(Mg3Tit* Fe'3)(SisAl2)0220;



16

Ferro-ferri-kaersutite NaCay(Fe3?Ti™ Fe™)(SisAl2)02:0>

1.3 Calculation of the amphibole chemical formula

One of the biggest issues in mineral analysis with the use of the Electron
Probe Micro-Analyser (EPMA) has been the determination of the valence state of iron
(Droop, 1987; Dyar et al., 1989; Canil et al., 1994; Quinn et al., 2016; Masci et al.,
2019). Especially with amphibole, knowing the Fe*}/Fe* ratio plays a major role not
only in the mineral classification and nomenclature but also in its use in fugacity and
temperature calculations (Popp et al., 1995, 2006; Lamb & Popp, 2009; Hunt &
Lamb, 2019). There are two ways to quantify the amounts of Fe™? and Fe™ present in
amphibole; one is to measure it employing sophisticated analytical techniques, the

other being to calculate it using stoichiometry arguments.

1.3.1 Analytical versus Empirical techniques for the determination of Fe

Analytical techniques involve Electron Energy-Loss Spectroscopy (EELS) and
Mossbauer spectroscopy (e.g. Bancroft & Brown, 1975; Enders et al., 2000) which
can measure the Fe™/(Fe™ + Fe®) ratio in minerals quite accurately. The electron-
beam intensity in EELS, however, should be carefully controlled so that there is no
damage on the analyzed minerals. Both of them are relatively money-efficient and can
be routinely used by scientists that are interested in calculating the exact amounts of
Fe in amphibole. More expensive techniques involve the X-ray Photoelectron
Spectroscopy (XPS) and the X-ray Absorption Near-Edge Structure spectroscopy
(XANES) (e.g. Dyar et al., 2002) which can measure the Fe**/(Fe*? + Fe™®) ratio at a
scale of > 40um.

Stoichiometric methods of determining Fe™ are entirely empirical. These
methods are based on the assumptions that the anhydrous oxygen content of
amphibole is known (usually 23 oxygen ions) and that certain cations are restricted to
specific structural sites (Schumacher, 2007). Many different empirical techniques
devoted to the calculation of Fe™ in amphibole have been proposed (Stout, 1972;
Robinson et al., 1982; Droop, 1987; Jacobson, 1989; Schumacher, 1991; Holland &
Blundy. 1994; Leake et al., 1997; Schumacher, 2007). Methods such as those of
Schumacher (2007) and Leake et al. (1997) are additionally constrained by the all-

+2

ferrous (i.e. Fe™ = 0) and all-ferric (i.e. Fe*? = 0) chemical limits.

Hawthorne et al. (2012) have proposed a new method of determining

Fe"¥/(Fe™ + Fe"). Their technique was solely based on site-occupancy limitations
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and the electroneutrality principle. According to these authors, an amphibole chemical
formula should be calculated based on 24(0O, OH, F, CI) with (OH, F, Cl) = 2 apfu.
This procedure enables the derivation of H»O, therefore yielding more accurate
results. Then, the Fe™/(Fe*? + Fe™) ratio can be calculated by “constraining the sum
of a set of cations to a particular value and adjusting Fe™/(Fe*? + Fe™) for
electroneutrality” (Hawthorne et al., 2012). This is referred to as the electroneutrality
principle. Although these empirical methods are still not as accurate as analytical
techniques in measuring Fe*, (Hawthorne et al., 2012; Schumacher, 2007), they are
considered to be far better than assuming that Fe"}/(Fe™ + Fe™) = 0 (Hawthorne,
1983).

In the past fifteen years, several computer codes have been developed for the
calculation of amphibole formulae using the aforementioned empirical techniques and
classification schemes (e.g. Yavuz, 2007; Esawi, 2011). Oberti et al. (2012) have
developed the AMPH2012 program which enables the calculation of amphibole
formulae based on IMA2012. However, AMPH2012 requires the already calculated
cations as an input. For that reason, Locock (2014) developed a new Microsoft Excel
spreadsheet to convert compositional data (wt.%) to apfu. His empirical calculation
technique follows the Hawthorne et al. (2012) nomenclature and is based on 24 anions
(O, OH, F, Cl). The spreadsheet enables the control of a series of parameters which
can be significant and can affect the chemical formula of amphibole. For example, the
entrance of Ti into the amphibole structure is commonly accompanied by the
replacement of OH! by O in site W (i.e. Ti** + O? <> 2 OH!). The spreadsheet
allows the option to estimate (OH, F, Cl) = 2-2Ti and from this WO = 2Ti apfu, so as
to handle the anion content at the W site. The spreadsheet also enables the
determination of Fe™ according to the electroneutrality principle discussed earlier. To
summarise, the spreadsheet developed by Locock (2014) is a program that enables the

calculation of amphibole formulae according to the most recent classification scheme.

Ridolfi et al. (2018) have developed a multivariate least-squares analysis
method to study the relationship between mass concentration and unit formula of Li-
free amphiboles. They have used 114 major-element oxide analyses of calcium and
sodium-calcium amphiboles, both synthetic and natural, and 75 analyses of Li-free
and Mn-free amphiboles belonging to the C2/m space group that have been fully
crystallochemically characterised. Their method enables the calculation of the Fe*?
content of amphibole with high precision. Their work suggests that the particular

technique provides much more reliable results compared to previous methods.

Recently, a new study has been published in which machine-learning methods

have been adopted (Li et al., 2020). In this work, a dataset consisting of 173 Li-free
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and 66 Li-bearing amphibole analyses has been compiled. These analyses were
carefully selected so that they cover a large compositional range. Only amphiboles
that have measured values of Fe"*/(Fe™ + Fe™*) by Mdssbauer or XANES have been
included in order to calibrate the method precisely. This dataset has been used in a
machine-learning algorithm which is referred to as principal components regression
(PCR) to develop the new calculation method. According to this method, the user has
to provide a routine electron-microprobe analysis as an input. The linear regression
algorithm then finds the best fitting amphibole from the dataset that is
compositionally similar to the analysis that has been entered. Then the algorithm
calculates the most possible distribution of atoms in the different sites of amphibole

based on the original dataset and from this the most possible value of Fe*.

1.3.2 Comparison between the available calculation methods

Estimating the minimum (all-ferrous) and maximum (all-ferric) content of
Fe™ in amphibole yields a range of possible chemical formulae. For that reason,
techniques like those proposed by Leake et al. (1997) and Schumacher (2007) will not
be adopted in the present study although they can be useful on certain occasions

where samples have been extremely oxidized.

The most recently proposed amphibole nomenclature - that of IMA2012 -
requires an overall site assignment of cations that reside on different sites. Some of
these cations are very important in the determination of the amphibole subgroup and
type. For example, Fe™? and Mg*? must necessarily be distributed between B and/or C
sites. Ridolfi et al. (2018) have restricted the distribution of Mg and Fe*? exclusively
to site C which is a major limitation. This issue has also been pointed out by Li et al.
(2020). Although the method proposed by Ridolfi et al. (2018) is very accurate in
estimating Fe™, its use was not deemed appropriate for the purposes of the present

work.

Li et al. (2020) presented another rationale for correct cation assignment and
accurate determination of Fe™ in amphibole. Their method was tested on our
extensive database which comprises 8844 natural and experimental amphibole
compositions culled from the literature (). Nearly 140 amphibole entries could not be
assigned to any of the available end-member compositions; instead an ‘“‘error”
message was displayed. The stoichiometry of the calculated amphibole formulae was
also investigated. An arbitrary error of + 0.2 was chosen to check the sum of cations
in each site. About 650 amphibole entries were returned as non-stoichiometric (Figure

11). The same cation-check procedure was followed in the calculation of amphibole
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formulae using the spreadsheet of Locock (2014). This time, only 85 amphiboles were
found to be non-stoichiometric. It is possible that the discrepancy between the two
methods is due to the rather limited number of amphibole compositions used by Li et

al. (2020) in their machine-learning training set.

As Ridolfi et al. (2018) have noted, the method of Locock (2014)
underestimates Fe™> when the WO calculation is not applied. However, by ignoring
YO, kaersutites (which are oxo-amphiboles) cannot be distinguished from calcium

amphiboles. Therefore a kaersutite could be confused with a rootname 4 composition

(

Table 1). On the other hand, if the YO estimation is applied, kaersutites are
easily identifiable. Ridolfi et al. (2018) have also shown that consideration of YO in
the method of Locock (2014) causes a large overestimation of Fe™. As a result, many
pargasites could erroneously be classified as hastingsites. For the purposes of the
present study, it was decided that the WO estimation should only be applied to
kaersutites. In other words it should only be applied to amphiboles with more than 4.5
wt.% TiO;z (or more than 0.5 Ti apfu as IMA2012 has also suggested).
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Figure 11: Comparison of ZC between Li et al. (2020) and Locock (2014). Hornblende is not displayed
as magnesio-hornblende as all of the possible compositions are considered.
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Figure 12: Comparison of Fe™3 calculated for the amphiboles of our database using the methods
proposed by Locock (2014) and Li et al. (2020). Colors indicate different amphibole root-names. The

trendline is represented by a black solid line. Oxygen in site W has only been calculated for kaersutites.

The influence of WO in calculating Fe™ is portrayed very vividly in Figure
12 where Fe™ calculated by the methods of Locock (2014) and Li et al. (2020) is
presented. Kaersutites are standing out compared to the remainder of the amphiboles
because of the Fe™ overestimation mentioned earlier. Pargasites, hornblendes,
sadanagaites and hastingsites, to which no YO calculation has been applied, seem to
be well correlated in terms of Fe'* between the two methods. The method of Locock
(2014) slightly overestimates Fe™ in sadanagaites and underestimates Fe™ in
tremolites. It is also fairly noticeable that the method of Li et al. (2020) largely
overstimates Fe™ in cummingtonite. More than 1 Fe™ apfu is predicted in the
chemical formula of the mineral causing all cummingonites to deviate from
stoichiometry. This happens because cummingtonitic compositions have not been

employed in the training set of the machine-learning algorithm by Li et al. (2020).

Cations in other structural sites show a satisfactory correlation between the
two methods (Figure 13). The only important divergence is displayed by the Fe'
content in site C of kaersutites which is clearly understimated by the method of
Locock (2014). This, once again, reflects the impact of the WO calculation discussed
above.
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Figure 13: Cation plots for the amphiboles of our database calculated using the methods of Locock
(2014) and Li et al. (2020). (a). Ca in B; (b). Nain A; (c). Fe™ in C; (d). Al in C.

In conclusion, machine-learning methods might be at a very premature stage
to be fully reliable. This has also been pointed out in other scientific fields as well
(e.g. Seifert & Rasp, 2020). The database of this study was constructed using
amphiboles from multiple geotectonic settings with an extremely wide compositional
range. The method of Li et al. (2020) has compositional limitations and should only
be used for amphiboles that strictly fall in its calibration range. For reasons presented
earlier, the method of Locock (2014) has been chosen as the most useful and accurate
without any compositional dependencies. However, it should be used with caution as
Fe" could either be underestimated or overestimated depending on the choices of the
user. Amphiboles that turned out to be non-stoichiometric by the method of Locock
(2014) were completely excluded from this study.
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CHAPTER 2

Geotectonic settings related to amphibole-bearing
ultramafic rocks

Amphibole is found in ultramafic rocks in the vast majority of geotectonic
settings around the globe. From mantle xenoliths to peridotitic massifs, the presence
of amphibole signifies the operation of some major processes that are responsible for
its formation in the upper mantle. In the following section, the most important
characteristics of the geotectonic settings in which amphibole is observed in
ultramafic rocks will be briefly discussed. This is going to enable a terminology

clarification that will facilitate the discussion later on in the study.

2.1 Mantle xenoliths

Mantle xenoliths represent lithospheric chunks picked up by magmas en route
to the surface. It was until the pioneering work of Fermor (1913) and Wagner (1914)
that xenoliths started being recognized as coming from the lithospheric mantle.
Because they are rapidly carried to the surface, their geochemical and mineralogical
characteristics remain basically unaltered. However, in certain occasions they appear
to have been infiltrated by fluids/melts or to have reacted with their carrier magma.
These processes alter their chemical/mineralogical composition. Nonetheless, mantle
xenoliths represent “frozen” samples of the interior of the planet and as such they
provide critical information on the chemical and physical characteristics of the upper
mantle. This, in turn, provides insights into the thermal state and the properties of the

lithosphere (crust and upper mantle).

Mantle xenoliths are nodule-shaped ranging in size from a few millimeters to
even 1 meter across. Their host rocks are mostly alkali olivine basalts/basanites,
tholeiitic basalts, and calc-alkaline effusives (e.g. andesites to dacites) depending on
the geotectonic setting. Basanites are basalts with porphyritic texture (large crystals in
a fine-grained matrix) that contain calcic plagioclase, clinopyroxene, olivine,
nepheline, leucite and on several occasions analcime. Kimberlites can also be
important carriers of mantle xenoliths as will be discussed later. These rocks are
thought to transfer peridotitic samples from greater depths than those of basaltic
compositions. Single, coarse-grained amphibole crystals can also be transported by
the host melts individually. These crystals represent a unique type of mantle xenoliths

(amphibole megacrysts).
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2.1.1 Mantle xenoliths in intra-cratonic settings

Intra-cratonic settings are often accompanied with the occurrence of
kimberlitic rocks that contain amphibole-bearing mantle xenoliths. Cratons are old
continental regions that are tectonically and magmatically inactive. They represent the
nucleus of continents. Kimberlites are complex, volatile-rich, potassic ultramafic
rocks generated at great depths, beyond the graphite-diamond transition, that mostly
contain olivine, ilmenite, garnet, clinopyroxene, phlogopite, orthopyroxene and
chromite. Kimberlite-borne mantle xenoliths have been divided into two distinct
groups: a low-temperature group with coarse-grained texture and a high-temperature
group with fine-grained texture due to shearing deformation.
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Figure 2.1: Sketch showing a mantle plume impinging upon the base of the continental lithosphere and
causing rifting along with the generation of kimberlitic melts. Modified after Wyllie (1988a) and
Wyllie et al. (1990). Notice that some kimberlitic melts fail to reach the crust.

As kimberlites ascent in intra-cratonic regions, they often sample parts of the
subcontinental lithospheric mantle (Figure 2.1) which could also be diamondiferous.
The Jagersfontein pipe in the Kaapvaal craton, South Africa, is an example of

kimberlitic magmatism that has transported mantle xenoliths from great depths
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(Haggerty & Sautter, 1990; Winterburn et al., 1990; Sautter et al., 1991). The
calculated equilibrium pressure for the Jagersfontein mantle xenoliths is ~4.5 GPa
(Winterburn et al., 1990), equivalent to more than 150km depth. Other Kaapvaal pipes
such as Kimberley and Lesotho contain amphibole-bearing xenoliths (Simon et al.,
2007). A peculiar type of xenolith in cratonic regions is the so-called MARID suite
(Dawson & Smith, 1977). The most well-studied MARID xenoliths are located in
South African kimberlites from Bultfontein, Wesselton, De Beers and Kamfersdam
(Dawson & Smith, 1977; Fitzpayne et al., 2018). A MARID xenolith is a rock
composed of mica, amphibole, rutile, ilmenite and diopside. In terms of composition,

it is an ultramafic to ultrapotassic rock with K>O ranging from 4.0 to 9.5 wt%.
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Figure 2.2: Kimberlitic localities in South Africa. K. Kimberly cluster; P. Premier/Cullinan cluster; M.
Murowa/Sese kimberlite; V. Venetia kimberlite cluster; RV. Roberts Victor mine; F. Finsch; J.
Jagersfontein mine; S. Star; L. Letseng; M. Monastery; O. Orapa; Lth. Letlhakane

2.1.2 Mantle xenoliths in continental rift-related settings

Rift-related regions in intra-plate settings are dominated by spinel-lherzolite
(olivine + orthopyroxene + clinopyroxene + spinel) mantle xenoliths which are
usually hosted in basanitic, tholeiitic or alkali-basaltic rocks. Spinel lherzolites often
carry hydrous minerals such as amphibole, phlogopite and, rarely, apatite. The East
African Rift system was amongst the first locales where the concept of continental

rifting was applied. The rifting of continental lithosphere may be the result of
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complex tectonic processes that usually have acted during the recent geological past.
Rifting could occur at locations where incipient plate divergence is taking place (e.g.
eastern Africa). Continent-continent post-collision or post-subduction processes could
also result in the generation of a rift system as exemplified by the Rhine Graben,
Germany. Under such extensional settings small localized volcanic centers dominated
by alkali-rich melts are generated. These magmas sample the subcontinental mantle
from depths ranging between 35 and 80km, by transporting xenoliths to the surface.
However, tholeiitic basalts in rift-related regions are not uncommon and they are
usually accompanied by voluminous magmatic activity that is most likely related to a

mantle plume (flood basalts).
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Figure 2.3: Results of numerical modelling aiming to describe the continental rifting of the Main
Ethiopian Rift (modified after Corti, 2011). Notice the progressive upwelling of the mantle and the
thinning of the continental lithosphere.
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But what exactly causes continental rifting? This is a problem that shows
many complications (e.g. Armitage et al., 2010). Generally, there are two types of
continental rifting, active and passive. During active rifting, extensional stresses are
generated from the upwelling and expansion of mantle material (e.g. mantle plume)
which is impinging upon the base of the continental lithosphere (Figure 2.1 & Figure
2.3). The rising asthenosphere delaminates the base of the lithosphere due to heat
convection. Passive rifting is defined by extensional stresses that are generated by
plate tectonics at plate boundaries (i.e. plate-related far-field forces). On many
occasions such as the East African Rift system, the two aforementioned processes
contribute together to form the appropriate continental rifting conditions. Similarly,
the Massif Central volcanic field, France, is believed to have experienced both active
and passive rifting (Michon & Merle, 2001). The West Eifel volcanic field, on the
other hand, is thought to lie directly above a region of diapirically upwelling mantle
(mantle plume) according to Keyser et al. (2002) and Ritter et al. (2001).

Some of the most well studied rift-related, amphibole-bearing mantle xenoliths
are those from Nushan, China (Xu et al., 1997; Xu et al., 1998; Xu & Bodinier, 2004),
West Eifel, Germany (Witt-Eickchen & Harte, 1994; Shaw & Klugel, 2002; Ban et
al., 2005; Shaw et al., 2005; Hecker et al., 2020), Victoria, Australia (Stolz & Davies,
1988; Sutherland & Hollis, 1982; O'Reilly et al., 1991; Griffin et al., 1984; Powell et
al., 2004; Bonadiman et al., 2021) and Grand Canyon, United States of America
(Best, 1970; Best, 1974; Best, 1975; Alibert, 1994; Hunt & Lamb, 2019). Some other
less noticed rift-related xenoliths are exposed in Cerro Gordo in Spain (Villaseca et al.
2020), Massif Central in France (Uenver-Thiele et al., 2014), Wilcza Goéra in Poland
(Matusiak-Malek, 2017), Nograd-Gomor, Szigliget and Szentbekalla in Hungary
(Liptai et al., 2017; Ntaflos et al., 2017; Bali et al., 2018), Marsabit in Kenya (Kaeser
et al., 2007), Teria in Algeria (Kaczmarek et al., 2016), Jabel El Arab in Syria (Ismail
et al., 2008), Spitsbergen in Norway (lonov et al., 2002), Foster crater in Antarctica
(Gamble et al., 1988), Injibara in Ethiopia (Ferrando et al., 2008; Frezzotti et al.,
2010) and Damara in Namibia (Baumgartner et al., 2000). It is noted that some of
these localities (e.g. Nushan and Cerro Gordo) show evidence of subduction-related
processes in the past but they are presently lying on intra-continental regions of
thinned lithosphere.

2.1.3 Mantle xenoliths in oceanic volcanic rocks

The suboceanic lithospheric mantle is wusually investigated via the
geochemistry of its partial melts. However, ultramafic amphibole-bearing mantle
xenoliths are rarely found in oceanic volcanic rocks and are useful when no other

piece of information is available. In the Hawaiian volcanic chain, which is an active
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hotspot, mantle xenoliths are often hosted in basaltic rocks but rarely contain
amphibole. On the contrary, xenoliths from Malaita (Solomon Islands) are amphibole-
bearing and are thought to sample the mantle lithosphere beneath the Ontong-Java
oceanic plateau. Malaitan xenoliths are showing some unique characteristics and have
been explained with the involvement of a mantle plume (Neal, 1988). Mantle
xenoliths from the Kerguelen Islands involve another locality where the suboceanic
lithospheric mantle is sampled by intraplate volcanic rocks related to a mantle plume
(Grégoire et al., 2000; Moine et al., 2001 and references therein).

2.1.4 Mantle xenoliths in subduction zones

Amphibole-bearing ultramafic xenoliths can also be found in subduction zone
settings where oceanic lithosphere dives under continental (continental arc/active
continental margin) or oceanic (oceanic arc) lithosphere. In such settings, the
subducting slab is dehydrated due to the increasing P-T conditions. The generated
fluids hydrate the overlying mantle wedge which then partially melts. During their
ascent towards the surface, the melts are sampling peridotitic xenoliths from the
mantle wedge. Amphibole-bearing xenoliths from continental arcs, for example, have
been extensively studied in Kamchatka peninsula, Russia (Kepezhinskas et al., 1995;
Ishimaru, 2007; Ishimaru & Arai, 2008; Ionov, 2010; Bénard & Ionov, 2013; Siegrist
et al., 2019) and in the Adak Island, Aleutian arc (e.g. Debari et al., 1987). The
continental arc is not the only region where magmatism occurs in this geotectonic
setting. Xenolithic localities from the western United States of America (e.g. Dish
Hill, Cima, Deadman Lake) are currently lying in a suprasubduction-zone position
and show the influence of the subduction zone (Luffi et al., 2009). Therefore, they are
also considered to belong to the same category of mantle xenoliths. However,
according to Luffi et al. (2009), the back-arc region of this subduction-zone system is
experiencing extension which results to a magmatism with different geochemical
characteristics and isotopic signatures. This extension has been explained by the slab
breakoff of the Farallon oceanic lithosphere (Figure 2.4) which generated a rifting
domain on the overlying North American slab. Another occasion of a continental
back-arc is located in Gobernador Gregores, Southern Patagonia (e.g. Laurora et al.,
2001). On the other hand, amphibole-bearing xenoliths from intraoceanic arcs have
been observed and widely investigated in the Luzon arc of Philippines (Gregoire et
al., 2008; Yoshikawa et al., 2016; Payot et al., 2018; Valera et al., 2019) and Papua
New Guinea (Gregoire et al., 2001; Mclnnes et al., 2001; Franz et al., 2002; Bénard et
al. 2021).
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Figure 2.4: The subducting system of the western United states where the oceanic Farallon slab is
subducting under the North American lithosphere (Luffi et al., 2009).

2.2 Ophiolites

Ophiolites represent slivers of ancient oceanic lithosphere obducted on top of
continental or oceanic crust (Nicolas & Boudier, 2003). Amphibole is often found in
the mantle section of ophiolites, mostly in harzburgites, and it is usually of tremolitic
to actinolitic composition as will be shown later. Some examples involve the Xigaze
ophiolite in Tibet (Tian et al., 2022), the Lycian, Kizilirmak and Kiire ophiolites in
Turkey (Celik et al., 2018; Pan et al., 2022), Mt. Kalnik in Croatia (Slovenec &
Segvic, 2018), the Oeyama and Ohsa-yama ophiolites in Japan (Nozaka & Shibata,
1995; Nozaka, 2014), the Hagar Dungash and the Gerf ophiolites in Egypt (Abdel-
Karim et al., 2016; Moussa et al., 2022) and the Yungbwa Ophiolite in Tibet (Liu et
al., 2010). Amphibole inclusions in chromite from ophiolitic chromitites have been
noticed in many important ophiolites around the world such as the Lycian and Kop
ophiolites in Turkey (Uysal et al., 2007; Pan et al., 2022), the Semail Ophiolite in
Oman (Borisova et al., 2012) and the Tiebaghi ophiolite in New Caledonia (Johan et
al., 2017; Cluzel et al., 2022). Amphiboles have, additionally, been found in ophiolitic
dunites from the Semail ophiolite in Oman (Rospabé et al., 2018).

2.3 Alpine-type peridotites

Orogenic peridotite massifs or Alpine-type peridotites represent large bodies
of ultramafic composition that have been equilibrated in the garnet-, spinel- or
plagioclase-peridotite stability fields. They do not represent ophiolites as they lack of
the complete ophiolitic sequence or any characteristics that could indicate that origin.
Instead, they are considered as 'tectonically emplaced' mantle rocks that occur as
dispersed bodies of a few meters to kilometers in metamorphic rocks, in suture

zones and mountain belts. This theory started emerging at the end of the 1950s (De
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Roever, 1957; Dietz, 1963; Hess, 1962). Alpine-type peridotites are now widely
thought to be remnants of the subcontinental lithospheric mantle that have been
exhumed to the surface during orogeny. They are often affected by deformation and
recrystallization processes and on several occasions, they have experienced UHP
metamorphism. However, there is still a lot of controversy about their original
geotectonic setting and the processes that have led to their exhumation. This

uncertainty is a major disadvantage compared to mantle xenoliths.

Alpine-type peridotites are dominated by garnet- or spinel- lherzolites that
contain more than 10 % clinopyroxene and show variable amounts of
serpentinization. Subordinate harzburgites and mafic layers may also be present but
only in minor amounts compared to the main lherzolitic bodies. Finero in the Italian
Alps is, however, an exception as it is mainly comprised of phlogopite- and
amphibole-rich  harzburgites. Dunites, hornblendites, glimmerites (mica +
clinopyroxene) and pyroxenites are also evident as dikes or veins in some Alpine-type
peridotites and they usually have a melt/fluid-rock interaction origin (e.g. Gysi et al.,
2011; Mazzucchelli et al., 2009). Several Alpine-type bodies have been intruded by
shallow volcanic rocks which are thought to represent an embryonic oceanic crust.
This type of orogenic peridotites is considered to belong to a transitional lherzolitic
category (Miintener et al., 2005).
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Figure 2.5: The exhumation of the Pyrenean subcontinental lithospheric mantle due to the weakening

and continuous thinning of the continental crust (Clerc er al., 2015).

Alpine-type peridotites can be divided into two major groups based on the
tectonic processes that are responsible for their exhumation on the surface. The
exhumation of peridotites such as those in the Pyrenean orogenic belt (e.g. Lherz and
Caussou), have been explained by the initial weaking and thinning of the continental
crust and the subsequent exposure of the subcontinental lithospheric mantle (Clerc et
al., 2015). A schematic representation of this process is presented in Figure 2.5. On

the other hand, the exhumation of Alpine-type peridotites from the Italian and the
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Swiss Alps, China and the Norwegian Caledonides has been a subject of constant
debate. These peridotites show evidence of equilibration at mantle conditions
followed by a progressive decrease in temperature and pressure (Brueckner, 2017 and
references therein). One of the most accepted models involves active subduction and
subsequent continental convergence. The geometrical configuration of the subduction
zone enables the entrainment of peridotitic fragments from the mantle wedge into the
continental subducting slab (Figure 2.6). Then, the continental slab containing the
peridotitic inclusions is exhumed towards the surface due to complicated tectonic
processes and is found along the orogenic suture zone. Recently, a new theory has
been proposed to explain the ultra-high pressure mantle rocks from the Bohemian
Massif of Central Europe (Maierova et al., 2021). The authors predicted the initial,
deep subduction of continental crust which was later exhumed as a partially molten
lithospheric diapir as depicted in Figure 2.7.

Bodinier & Godard (2003) have subdivided Alpine-type peridotites into three
main categories. The High-Pressure (HP) and Ultra-High-Pressure (UHP) resemble
garnet peridotites and are mostly found in Central Alps (Alpe Arami, Cima di
Gagnone, Ulten), China (Dabie and Su-Lu peridotites, North Qaidam), the Western
Gneiss Region in Norway and the European Variscan belt (e.g. Bohemian Massif).
These peridotites are often surrounded by eclogites. They show evidence of
equilibration at great depths. However, the geotectonic setting of formation along
with the maximum depth of equilibration for these peridotites is still a matter of
debate.
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Figure 2.6: Schematic model presenting a possible solution to the exhumation of the Norwegian
Caledonides (Brueckner, 2017).

From the aforementioned localities, Alpe Arami has attracted the most
attention. Interpretations began with Grubenmann (1908) and Dal Vesco (1953) who
suggested that Alpe Arami represents an ultramafic melt that intruded the continental
crust. Ernst (1977, 1981) stressed the fact that Alpe Arami has been derived from the
upper mantle and has been tectonically inserted in the lithospheric crust. From 1997
and onwards a series of papers were published supporting an ultra-deep origin for
Alpe Arami from the subcontinental lithospheric mantle (>300 kms) (Green et al.,
1997; Dobrzhinetskaya et al., 1999; Bozhilov et al., 1999; Green et al., 2010; Das &
Basu, 2019). However, the validity of their arguments was questioned by Ulmer &
Trommsdorff (1997), Risold et al. (1997), Arlt et al. (2000), Paquin (2001) and Nimis
& Trommsdorff (2001) who positioned Alpe Arami at a considerably shallower depth
(~150 kms) using mostly experimental petrology and thermodynamic arguments.
From this discussion, it is fairly evident how controversial the origin of UHP Alpine-

type peridotites can be.

Intermediate-Pressure (IP) peridotites are several massifs that have
equilibrated in the spinel stability field. Their derivation from the subcontinental
mantle is less debatable than the UHP peridotites. Examples of these massifs include
Ronda and Beni Bousera in Morocco, several Pyrenean localities and the Ivrea
localities in the Italian Alps. In the Pyrenees, the Lherz spinel lherzolite has been a
matter of extensive study throughout the years (Bodinier & Godard, 2003 and
references therein). Baldissero, Balmuccia and Finero are several well-known
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examples of IP peridotites in the Alps and are considered to represent asthenospheric
mantle that was emplaced in the continental crust during late Paleozoic or early
Mesozoic (Quick et al., 1995).
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Figure 2.7: Numerical model representing a possible process for the exhumation of UHP (Ultra-High-

Pressure) rocks (Maierova et al., 2021).

Many Low-Pressure (LP) peridotitic massifs can be found at the suture zone
between the Southern Alpine and European plates. It is thought that they represent
ultramafic bodies that were exhumed during the early stages of a continental rifting
event and were exposed along continental passive margins (Bodinier & Godard, 2003
and references therein). It is predicted that they were later involved in the Alpine
orogenesis. Therefore, they could generally be classified as continental margin
ophiolites (CM). Some typical localities involve the Val Malenco, Mt. Avic, the
external Ligurides and the Lanzo peridotites. Spinel- and plagioclase-peridotites that
are found in these massifs are often intruded by small bodies of gabbroic, acidic rocks
and basaltic dikes with a MORB affinity (e.g. Kaczmarek et al., 2008; Rampone &
Borghini, 2008; Piccardo & Guarnieri, 2011). However, LP peridotites do not show a
clear ophiolitic sequence and they display characteristics intermediate between
Alpine-type peridotites and ophiolites. Considering the interplay of both oceanic and
continental processes, the absence of a continuous basaltic crust overlying the
peridotites and the fertile composition of the peridotites, both Lanzo and the external
Ligurides ultramafic bodies are considered as Alpine-type peridotites which is a
broader and less strict characterization. However, it is noted that this distinction is

somewhat arbitrary.

Amphibole-, plagioclase- and spinel-bearing peridotites are hosted in crustal
granulitic rocks at the Zabargad island. Zabargad is located at a very unique position

in the middle of the Red Sea. It is therefore directly related to continental rifting
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processes and the formation of a new oceanic basin. As it is clear, it does not belong
to Alpine-type peridotites because it has not been part of an orogenetic episode.
However, as most Alpine-type peridotites, it is widely considered a sample of the
subcontinental lithospheric mantle (Brueckner et al., 1988; Dupuy et al., 1991;
Piccardo et al., 1988, 1993) although other theories have also been proposed (e.g.
Nicolas et al., 1987). The location of the Zabargad peridotites near a passive
continental margin (Martinez & Cochran, 1988), its exhumation history, the
reequilibration in the plagioclase stability field and the existence of MORB and
doleritic dikes (e.g. Petrini et al., 1988) have led Bodinier & Godard (2003) to include
Zabargad in the LP peridotites. This classification will also be adopted in the present
study.

Amphibole is found in all of the previously mentioned categories of Alpine-
type peridotites. For example, amphibole has been widely discussed in UHP garnet-
lherzolites and pyroxenites from Su-Lu and Raobazhai in China (Yang & Hahn, 2000;
Yang, 2003; Zhao et al., 2007; Chen et al., 2009; Ye et al., 2009; Zhang et al., 2011,
Yan et al., 2021; Liu et al., 2022), peridotitic massifs in Switzerland such as Alpe
Arami, Cima di Gagnone and Monte Duria (Green et al., 1997; Nimis &
Trommsdorff, 2001; Paquin & Altherr, 2001; Hermann et al., 2006, Scambelluri et al.,
2014; Pellegrino et al., 2020), North Qaidam in Tibet (Song et al., 2005; Chen et al.,
2017), multiple localities in Western Gneiss Region of Norway (Carswell et al., 1983;
Beyer et al., 2006; Vrijmoed et al., 2013) and Nove Dvory in Czech Republic
(Muriuki et al., 2020). Amphibole is also present in IP peridotitic massifs such as
Beni Bousera in Morocco (El Atrassi et al., 2014), Lherz and Caussou in the Pyrenees
(Conquéré, 1971; Fabries et al., 1989) and Balmuccia, Finero and Baldissero in Italy
(Cawthorn, 1974; Zanetti et al., 1999; Mazzucchelli et al., 2009; Mazzucchelli et al.,
2010; Corvo et al., 2020; Hecker et al., 2020). Finally, examples of LP amphibole-
bearing peridotite massifs involve the external Ligurides (Hidas et al., 2021) and
Lanzo in Italy (Kaczmarek & Miintener, 2008; Duarte et al., 2020). It is, therefore,

evident that amphibole is an important phase in Alpine-type peridotites.

2.4 Oceanic Core Complexes

According to Whitney et al. (2013), a core complex is “a domal or arched
geologic structure composed of ductilely deformed rocks and associated intrusions
underlying a ductile-to-brittle high-strain zone that experienced tens of kilometers of
normal-sense displacement in response to lithospheric extension”. The concept of
core complexes started in order to explain continental rocks bounded by low-angle
faults in the North American Cordillera (e.g. Davis & Coney, 1979). The low-angle
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faults (also known as detachment faults) were thought to be related with extensional
tectonics that led to the exhumation of those rocks to the surface. Oceanic Core
Complexes (OCCs) are similar structures that were firstly identified in Mid-Atlantic
Ridges (e.g. Cann et al., 1997) (Figure 2.8). Although the logistics of investigating
OCCs is an important problem, many of them have been explored in the Mid-Atlantic
Ridge (e.g. St. Paul rocks), the Southwest Indian Ridge and also at back-arc positions
such as in the Godzilla and Mado Megamullion (Philippine Sea). The exhumed rocks
in OCCs are usually mantle-derived. Therefore, OCCS display unique opportunities to
understand processes related to the suboceanic mantle from oceanic environments

around the globe.
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Figure 2.8: Sketch depicting the main characteristics of an Oceanic Core Complex (after Whitney et al.,
2013).

An Oceanic Core Complex is defined by the existence of a detachment fault.
In turn, this detachment fault consists of a hanging-wall and a footwall (Figure 2.8).
The detachment fault usually serves as a conduit for fluids to hydrothermally alter the
hanging-wall. (e.g. McCaig & Harris, 2012). The detachment fault consists of two
zones principally: one which is defined by brittle deformation (<200 m thick
according to Escartin et al., 2003) and an underlying one which shows evident signs
of ductile deformation which may or may not be overprinted by brittle textures
(Schroeder & John, 2004). Ductile zones are characterized by peridotitic mylonites
which are fine-grained rocks that have recrystallized because of the high-stress
conditions. Shallow parts of the detachment zone may also be extensively hydrated
and could contain talc, amphibole, chlorite and serpentine. The footwalls of OCCs are

mostly comprised of variably altered gabbroic and ultramafic rocks which often
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exhibit sings of mylonitic deformation. The footwall is practically the part of the OCC
that contains all of the important mantle rocks that have been exposed to the surface

and give us information about the suboceanic mantle.

Significant amounts of amphibole are found in peridotitic rocks from OCCs
around the globe. The Atlantis and Saint Paul OCCs are two particularly well-studied
localities in which amphibole has been found in mylonitic peridotites (Tilley & Long,
1967; Melson et al., 1972; Tamura et al., 2008; Tamura et al., 2014). Albers et al.
(2019) and Cannat & Seyler (1995) have also investigated amphibole-bearing
ultramafic rocks from the footwalls of the 15°20'N Fracture Zone and the Vema
Transform Fault in Mid-Atlantic Ridge, respectively. The Mado Megamullion in the
Shikoku Basin is a great example of an OCC that is related to an extensional tectonic
regime at a back-arc position. Amphibole in Mado Megamullion was found in
serpentinized mantle peridotites that exhibited extensive deformation from Sen et al.
(2021). Finally, the Hess Deep represents a < 1 Ma oceanic lithosphere in the East
Pacific Rise which was exposed after the activation of a detachment zone. The Hess
Deep, is comprised of highly serpentinized, amphibole-bearing harzburgites but

dunites are also present (Kodolanyi et al., 2011).

2.5 The Pechenga ultramafic rocks

A particularly interesting and unique occurrence of ultramafic rocks is that of
the Pechenga Greenstone Belt. The ultramafic rocks are found in the Pilgiijarvi
Volcanic and Sedimentary Formations as well as in the Nyasyukka dyke complex.
The Pilgilijarvi Volcanic Formation mainly consists of tholeiites and intrusive
ferropicrites. Picrites are igneous intrusive rocks of ultramafic composition that
contain olivine, clinopyroxene and often plagioclase, hornblende and biotite. In the
Pechenga Greenstone Belt, the ferropicrites contain more than 14 wt % FeOuo and
almost 15 wt % MgO. Effort has been made to understand the petrology and origin of
the Pechenga ferropicrites (e.g. Briigmann et al., 2000). The Sm-Nd and Pb-Pb
isotopic results of Hanski et al. (1990) and Hanski (1992) demonstrated that the
Pechenga ferropicrites are derived from a mantle source but the contamination with

ancient upper-crust material is also evident.

Fiorentini et al. (2008) investigated amphiboles that are contained in the
ultramafic rocks of the Pechenga Greenstone belt. More specifically, the
aforementioned amphiboles are found in a wehrlite-olivinite zone that is part of the
Pilgiijarvi layered intrusion. Olivinite is a term that is used to describe a magnetite-
bearing dunite. The wehrlite-olivinite zone is made of pyroxenites, wehrlites and

pyroxene-bearing olivinites. Amphibole is also present in layered ultramafic sills in
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the Ortoaivi, Kotselvaara and Kammikivi localities which are hosted in sulfur-poor
phyllites. The ultramafic sills are mostly cumulates that contain olivine, chrome-
spinel and amphibole. Additionally, amphiboles were examined from ferropicritic
layered lava flows and peridotites from the Nyasyukka dyke complex. These
peridotites are thought to be cumulative in origin and contain medium- to coarse-
grained olivine, amphibole, plagioclase and clinopyroxene. Fiorentini et al. (2008)
proposed that the Pechenga ferropicrites could be derived either from a volatile-rich
subcontinental mantle or a mantle plume. Additionally, they disregarded the fact that

amphiboles in intrusive rocks are related to crustal contamination.

The Pechenga magmatic activity has been previously related to intra-cratonic
rifting owing many similarities with the Ethiopian rift (e.g. Kremenetsky &
Ovchinnikov, 1986; Sharkov, 1984; Barbey et al., 1984). However, Marker (1985)
has proposed a geotectonic evolution from continental rifting to a subduction zone to
an arc-continent collision event but this model was later questioned (e.g. Hanski &
Smolkin, 1989). According to Pharaoh et al. (1987), the Pechenga volcanics had been
erupted at a continental arc but this is contrast with their within-plate geochemical
signature (Hanski & Smolkin, 1989). It is profound that the formation of the Pechenga
ultramafic rocks is a very complex subject which has not been resolved yet.
Therefore, it is fairly evident that the Pechenga rocks form a separate type of

ultramafic rocks and have to be distinguished from the previous ones.
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CHAPTER 3

Amphibole Textures and Modes of Formation

Introduction

Water is hosted in two types of solid phases in ultramafic rocks. The first type
involves the nominally anhydrous minerals (NAMs) such as olivine, pyroxene and
garnet that can carry tens to hundreds of parts per million (ppm) of hydrogen in the
defects of their crystal structure. The discovery of NAMs is attributed to two scientific
groups (Beran, 1976; Rossman, 1988). Since then, continued research has shown that
the solubility of hydrogen in NAMs is increasing with increasing pressure (e.g. Ohtani
et al., 2018). Therefore, it is predicted that they can contain measurable amounts of
water only in greater depths. For this reason, NAMs have become a subject
undergoing intense studying as they could shed light to the evolution of the planet or
give insights on the rheological properties of the mantle. Moreover, NAMs could
serve as an extremely important repository of water in the deeper parts of the mantle.
They could also explain magmatism that occurs directly above the Mantle Transition
Zone (MTZ) at around 410 kms (e.g. Andrault & Bolfan-Casanova, 2022).

Hydrous mineral phases that are formed from metasomatic processes are also
extremely important hosts of water in the mantle. Metasomatism occurs when a rock
is compositionally and/or mineralogically altered by the so-called metasomatic fluids.
These metasomatic agents involve H»O-rich fluids or silicate melts of variable
composition that are important carriers of fluid-mobile elements such as Na and K.
Two distinct types of metasomatism exist- modal and cryptic. Modal metasomatism
(Harte, 1983) is defined by the formation of new minerals. On the other hand,
enrichment in trace elements without any visible modal or textural modifications may
also occur from the interaction of metasomatic fluids with a rock. This is referred to
as cryptic metasomatism (Dawson, 1984). Hydrous minerals, such as amphibole and
phlogopite, are stable at far shallower mantle depths compared to water-bearing
NAMs. During their formation, they store critical amounts of water in their crystal
structure. At subduction zones these minerals are experiencing conditions of elevating
temperatures and pressures. Therefore, hydrous minerals are gradually dehydrated and
release their constituent water to the system. A fraction of the released water is
transported to the mantle wedge (see 2.1.4) or to deeper parts of the mantle where it is
stored in NAMs.
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The presence of amphibole (and phlogopite) in ultramafic rocks that are
related to a wide variety of different geotectonic settings has been widely related to
metasomatic processes (e.g. Mengel & Green, 1989). This chapter will review the
majority of the possible amphibole-related textures in ultramafic rocks. It will
additionally provide the suggested modes of formation of amphibole for each texture

according to the literature.

3.1 The texture of ultramafic rocks

Ultramafic rocks can show both metamorphic and igneous textures. Some of
the most used textural nomenclatures for ultramafic rocks are those of Mercier &
Nicolas (1975), Pike & Schwarzman (1977) and Harte (1977). Many of the later-
developed modifications were very subjective and therefore they had little practical
use (Swan & Sandilands, 1995). This is the reason that the three aforementioned
nomenclatures are still widely used in the literature. Recently, Tabor & Downes
(2019) have developed a new quantitative method to classify ultramafic rocks. They
have proposed that the methods of whole slide scanning and thin-section skeleton
images analysis (see Tabor et al., 2010) are more than enough to describe ultramafic

textures.

According to Pike & Schwarzman (1977) igneous textures in ultramafic rocks
are not rare but it is often hard to recognize them. Zoning and twinning in pyroxenes,
euhedral grain shapes and inclusions of spinel in coarse-grained silicate minerals are
several criteria that might indicate an igneous texture. The most easily identifiable
igneous texture is the existence of veins or dikes of pyroxenites in ultramafic rocks.
Exsolution lamellae is very usual texture both in igneous and metamorphic rocks,
therefore it cannot be used as a safe criterion to distinguish between the two origins.
Moreover, Pike & Schwarzman (1977) have described the so-called pyrometamorphic
textures. Pyrometamorphism occurs when a partial melt locally solidifies in an
ultramafic rock. The solidification is defined by the formation of glass which usually
contains quenched crystals of olivine, augite and plagioclase. Spongy borders of
pyroxene may indicate locations where the partial melt was generated. Additionally,
on a few occasions igneous cumulate textures may also be evident. Cumulate textures
result from the accumulation of crystals either by gravitational settling or by floating
within a body of magma. Cumulus olivine enclosed by post-cumulus orthopyroxene is

an igneous texture that is found in several ultramafic rocks.
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Following the nomenclature of Mercier & Nicolas (1975), metamorphic
textures of ultramafic rocks can be divided into three types: protogranular,
porphyroclastic and equigranular. The protogranular texture is defined by coarse-
grained (~4 mm) olivine and orthopyroxene and smaller (~1 mm) grains of
clinopyroxene and spinel. Olivine in the protogranular texture often displays kink
bands. Kink bands are parts of crystals that underwent slight degrees of rotation, with
respect to the unkinked parts of crystals, as a result of localized, compressional
deformation. Clinopyroxene and spinel are often in direct contact with large
orthopyroxene grains. The porphyroclastic texture is very usual in ultramafic rocks. It
can be described by the existence of large, strained crystals of olivine and enstatite
(porphyroclasts) that exist in a matrix of fine-grained, polygonal and strain-free
olivines, orthopyroxenes and clinopyroxenes (neoblasts). This indicates the presence
of two distinct generations of minerals. Finally, the equigranular type is defined by
fine-grained minerals (~0.7 mm) with even dimensions. However, a few relics of
porphyroclasts may be visible. It is thought that the protogranular texture is caused by
an initial recrystallization process. With increasing degrees of plastic flow and
deformation, the protogranular texture is replaced by the porphyroclastic one. Then,
the equigranular texture is thought to derive from the complete recrystallization of the

porphyroclastic texture.

3.2 Interstitial amphibole

Interstitial amphibole is one of the most common textures of the mineral in
ultramafic rocks. Interstitial amphiboles fill the interstices (free spaces) between
earlier-formed minerals. They are usually anhedral to subhedral in shape but they can
also be found as fine-grained euhedral crystals in narrow zones among primary
minerals. Interstitial amphiboles do not show a clear textural relationship with other
silicate minerals (e.g. intergrowths, inclusions, replacement textures or mantles
around primary minerals). Additionally, they are present in almost every type of
ultramafic rock (harzburgites, lherzolites, dunites, websterites, wehrlites, pyroxenites)

from all the possible geotectonic settings.

Examples of interstitial amphiboles are presented in Figure 3.1. Interstitial
amphibole from the Cerro-Gordo volcanic field in Spain (Figure 3.1a ) displays the
most important characteristics of this texture. Notice how the irregularly-shaped
amphibole crystals exist in the spaces between the earlier-formed protogranular
olivine and pyroxenes. In Figure 3.1b, a completely anhedral and large interstitial
amphibole is present in a dunite belonging to the Lycian Ophiolite in Turkey (Pan et
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al., 2022). This time, the amphibole has filled the interstice between chromite and
olivine and its shape reflects the geometry of the pre-existing space in which
amphibole was formed. An example of a fine-grained, elongated interstitial amphibole
is present in Figure 3.1c and is found in a mantle xenolith from the Nograd-Gémor
volcanic field (Liptai et al., 2017). Ionov (2010) noticed that some of the amphiboles
in the Avacha ultramafic xenoliths exist in interstitial pockets with empty vesicles
such as the one depicted in Figure 3.1d. They show relatively euhedral shapes

although some of them that are in contact with spinel are entirely anhedral.

According to the literature, interstitial amphiboles are products of direct
crystallization from melts or fluids. For example, interstitial amphibole from
xenolithic peridotites in the Kharchinsky volcanic rocks (Kamchatka) are considered
to represent a late step in the evolution of the xenoliths. Based on geochemical
criteria, Siegrist et al. (2019) proposed that they are of igneous origin and that they
were directly crystallized from magmas. The authors completely disregarded an origin
from fluids or fluid-rock interactions. Fabri¢s et al. (1989) noticed that interstitial
amphiboles along narrow planar zones in the Caussou peridotites (Pyrenees) are
compositionally identical to amphiboles from alkali-basalts. Therefore, they could be
direct precipitates from similar melts. However, variations in the K/Na ratio have
additionally led them to conclude that the alkali-basaltic melts must have coexisted
with an aqueous, CO-rich fluid. Late-stage interstitial amphiboles are also present in
the Barombi and Nyos xenoliths (Cameroon). Pintér et al. (2015), based on textural
characteristics and geochemical evidence of cryptic metasomatism, predicted that they
are the result of precipitation from melts and fluids that percolated along grain
boundaries. According to Ionov (2010), prior to the transport of xenoliths to the
surface, tectonic processes have fractured the mantle rocks under the Avacha volcano.
Subsequent infiltration of hydrous fluids were responsible for the precipitation of
interstitial amphibole. Interstitial amphibole from Lightning Peak (British Columbia)
is showing a crystallization origin from a metasomatic fluid that percolated along
grain boundaries in the lherzolitic xenoliths (Brearley & Scarfe, 1984). Generally, the
metasomatic melts or fluids that percolate in the ultramafic rocks may or may not
have reacted with the wall-rocks. Therefore, their composition could be slightly
modified compared to the original one. For this reason, the chemical composition of
the precipitative, interstitial amphibole could also be affected from the evolution of
the melt.
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Figure 3.1: Photomicrographs of interstitial amphiboles from different ultramafic rocks (see text for
more details). a Villaseca et al., 2020; b. Pan et al., 2022; c. Liptai et al., 2017; d. Ionov, 2010.

3.3 Matrix amphibole

Matrix amphiboles display entirely different features compared to interstitial
ones. They are found as isolated and disseminated crystals in ultramafic rocks. They
are usually euhedral and polygonal in shape, devoid of mineral inclusions and show
sharp boundaries with the surrounding minerals. Moreover, they display little or no
evidence of deformation. Amphiboles of this texture are part, along with other
minerals, in the matrix of the porphyroclastic, protogranular or equigranular texture.
They show sizes which are comparable to those of the other matrix phases (e.g.
olivine and pyroxenes) from hundreds of um to a few mm. According to our dataset
matrix amphiboles are mostly found in Alpine-type peridotites and xenoliths from
intra-continental settings and continental arcs. On a few occasions, matrix amphiboles

are present in ultramafic rocks from oceanic settings (e.g. Neal, 1988).



54

TR 17
49 YO
A & PN

(%

Figure 3.2: Photomicrographs of polygonal matrix amphiboles from different ultramafic rocks. a.
Garnet lherzolite from the Su-Lu ultramafic body (Ye et al., 2009); b. Pyroxene-bearing peridotite from
the Ivrea-Verbano Zone (Berno et al., 2020); c¢. Hornblendite from Spitsbergen (Hecker et al., 2020); d.

Peridotite xenolith from Malaita (Neal, 1988).

Matrix amphiboles in ultramafic rocks, such as those depicted in Figure 3.2,
are characterized by sharp boundaries with the coexisting minerals (garnet, olivine,
spinel and pyroxenes). This feature has been widely used as evidence of textural
equilibrium. It is considered that matrix amphiboles have been recrystallized and/or
equilibrated (to some extent) in the same conditions with the rest of the matrix phases.
This implies that their original textural characteristics have been completely
eliminated. For this reason, matrix amphiboles require a thorough investigation to
discover whether they have originally been crystallized directly from melts or fluids

or if they are the result of fluid-melt/rock interactions.

For the reasons presented earlier, the origin of matrix amphiboles is a
relatively not well-discovered topic to this day. However, the metasomatic agent that
is involved in their formation is something which can often be derived from
geochemical evidence. For example, matrix amphiboles from the Zhimafang garnet
lherzolite (Su-Lu) have been related to metasomatic fluids or melts that were probably
generated from the country UHP crustal rocks (Zhang et al., 2011; Ye et al., 2009).
However, it is unknown whether the metasomatic fluids originally precipitated
amphibole or reacted with the host peridotite. Similarly, the development of

amphibole which is in textural equilibrium with other matrix minerals in the Ulten
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peridotites, was also postulated to form from crustal fluids or SiO»-rich melts.
Rampone & Morten (2001) predicted the existence of H2O-CO; fluids that modally
metasomatized the Ulten peridotites. The fluids were probably generated from the
partial melting of the host gneisses. Gudelius et al. (2019) have also concluded that all
amphiboles from the Ulten peridotites (along with matrix amphiboles) resulted from
the hydration of peridotites from crustal aqueous fluids. It is evident for matrix
amphiboles, that it is particularly difficult to assess the processes that were involved at
the time of their initial formation especially if they are part of peridotites. In other
cases where an igneous origin is expected, the exact process of formation may be
possible. For example, matrix amphiboles in xenolithic hornblendites from Khibiny
(Russia) seem to own a cumulative origin from hydrous magmas according to Hecker
et al. (2020).

3.4 Amphibole growing at the expense of other minerals

Amphiboles growing at the expense of other minerals is the most common and
characteristic texture in ultramafic rocks. Clinopyroxene, orthopyroxene and spinel
are by far the most usual minerals that are being replaced by amphiboles. Less often,
amphiboles are part of coronas around garnet. A few demonstrative examples can be
seen in Figure 3.3. Amphibole is usually developed as mantles around the boundaries
of pyroxenes and spinel and it is completely anhedral in shape. Rarely, amphibole
may be recrystallized forming small neoblasts around the replaced mineral phase.
Frequently, amphibole is extremely pervasive and seems to have replaced a large
portion of the volume of the pre-existing anhydrous phase such as in Figure 3.3a. On
different occasions, amphiboles seem to be intruding orthopyroxene along cleavage
planes (Figure 3.3b). In Figure 3.3c, a matrix clinopyroxene is surrounded by a thin
mantle of amphibole and in Figure 3.3d, a large orthopyroxene has been extensively
replaced by Mg-hornblende. Similarly, amphibole can occur as a thin zone around

spinel (Figure 3.3e). In Figure 3.3f, amphibole has replaced a large fraction of spinel.



56

Figure 3.3: Photomicrographs of amphiboles replacing pyroxenes from different ultramafic rocks. a.

Harzburgite from the Xigaze (Tian et al., 2022); b. Xenolithic peridotite from the Birekte Terrane in
Siberia (Solov’eva et al., 2017); c. Peridotite from the Oeyama ophiolite in Japan (Nozaka, 2014); d.
Mylonitic lherzolite from the Lanzo Massif in Italy (Vieira Duarte et al., 2020); e. Xenolithic peridotite
from Victoria Land in Antarctica (Coltorti et al., 2004); Xenolithic peridotite from Dish Hill in
California (Hunt & Lamb, 2019).

Reaction between metasomatizing melts or fluids and pre-existing mineral
phases (e.g. pyroxenes and spinel) has been proposed to explain this characteristic

texture. This reaction had firstly received two fundamental forms:
Diopside + Spinel + Water = Amphibole (Conquéré, 1971) (D)

Garnet + Diopside + Water = Amphibole (Boyd, 1971) 2)
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Reaction (1) shows that both clinopyroxene and spinel interact with an H>O-rich fluid

or melt to form amphibole.

Boyd (1971) observed intergrowths of spinel and amphibole around garnet in
harzburgites from Wesselton (South Africa). This led him to propose reaction (2). In
fact, amphibole is usually found as an accessory mineral of kelyphitic coronas around
garnets. Kelyphites are intergrowths that consist of orthopyroxene, spinel (+
clinopyroxene + amphibole) (for more details see Godard & Martin, 2000; Obata &
Ozawa, 2011). On very rare occasions, amphibole is the only mineral mantling garnet
(e.g. Jandk et al., 2006). Kelyphites are thought to result from reactions of the
following form:

Garnet + Olivine = Orthopyroxene + Clinopyroxene + Spinel + 3)
Amphibole

Subsequently, based on textural data, Best (1974) has proposed the following
reaction:

Cr-Spinel + Diopside + Fluid = Amphibole 4)

Reaction (4) is important because it shows that amphibole can incorporate Cr from
spinel. Francis (1976) attempted to balance the reaction of Best (1974). He found out
that although the involvement of a compositionally very complex fluid can give good
results, it is not a very realistic option. For this reason he considered that

orthopyroxene must necessarily be a reactant to balance the reaction:

Fluid + 28 Orthopyroxene + 54 Clinopyroxene + 71 Spinel = 57 )
Chromite + 100 Amphibole

Francis (1976) has also pointed out that as reaction (5) progresses, amphibole is
incorporating increasing amounts of Cr in its crystal structure. Neal (1988) has

proposed a modification of (5) in which olivine is present as a product:

24 Cr-Spinel + 16 Clinopyroxene + 14 Orthopyroxene + Na-rich Fluid ©)
= 8 Pargasite + 12 Chromite + 12 Olivine

Neal (1988) has additionally proposed a reaction in which spinel is completely
consumed and is not present as a product:

6 Spinel + 8 Clinopyroxene + 7 Orthopyroxene + Na-rich Fluid = 4
Pargasite + 6 Olivine (7)
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Very often amphibole is found pervasive along the cleavage planes of
clinopyroxene (Figure 3.4). In optical microscopy, this could be confused with a two-
pyroxene exsolution lamellae. For this reason, the term “lamellae” has been
extensively used in the literature in order to describe the texture. Amphibole lamellae
in clinopyroxene has been observed in multiple localities around the globe (e.g.
Yamaguchi et al., 1978; Neal, 1988; Franz et al., 2002; Chen & Xu, 2005; Ye et al.,
2009). Although many processes have been proposed to explain amphibole lamellae,
only two of them seem to be the most satisfactory. The first one involves reactions,
similar to those that were previously given, in which metasomatic agents react with
clinopyroxene along the cleavage planes and replace it with amphibole (e.g. Nakajima
& Hafner, 1980; Isaacs et al., 1981). The second process involves the exsolution of
amphibole from pyroxene as originally proposed by Desnoyers (1975). This
hypothesis has also been envisaged by Smith (1977) and Yamaguchi (1978). In fact,
Yamaguchi suggested that amphibole lamellae in Alpe Arami (Switzerland) occurred
due to the decreasing solubility of Na, Al and Cr in clinopyroxene. Recently, Chen et
al. (2019), have observed the existence of amphibole exsolution lamellae in chromites

from the Semail Ophiolite.

Figure 3.4: Amphibole present along the cleavage planes of clinopyroxene from the Alpe Arami peridotite
(Yamaguchi et al., 1978)

Another puzzling texture is observed in several ultramafic rocks in which

amphibole is overgrown by secondary clinopyroxene. For example, Matusiak-Malek
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et al. (2017) have observed that coarse-grained matrix amphibole grains in the Wilcza
Gora mantle xenoliths have been partially replaced by a late-stage generation of
clinopyroxene. Clinopyroxene is euhedral and related to a glassy, spinel-bearing
matrix (Figure 3.5). Shaw & Kliigel (2002) and Ban et al. (2005) proposed that glass,
clinopyroxene, spinel and olivine that grow at the expense of pre-existing amphibole
may result from rapid heating and decompression. The disequilibrium experiments of
Shaw (2009) at 1.2 GPa and 1000 °C, showed that the breakdown of amphibole
generates pockets of glass, amphibole, clinopyroxene and olivine that occur within
amphibole. With an increase of 50 °C, the volume of glass rapidly increases and a
secondary amphibole is formed that contains olivine inclusions and is mantled by
clinopyroxene. These experiments managed to prove that the breakdown of
amphibole is more than enough to explain clinopyroxene, glass and spinel growing

around amphibole such as the texture depicted in Figure 3.5.

Figure 3.5: Photomicrograph of a coarse-grained matrix amphibole that is partially replaced by
euhedral clinopyroxene (Matusiak-Malek et al., 2017).

3.5 Amphibole in veins

Amphiboles may occur in late-stage veins or veinlets that intrude and traverse
ultramafic rocks. The veins can be monomineralic (amphibole only) or polymineralic
(made of amphibole, pyroxene, spinel and apatite). Amphiboles in veins can be
anhedral to euhedral in shape and constitute individual grains. Very often veins have

been present at ambient mantle conditions for long enough time to equilibrate with
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their host rocks (e.g. Ghent et al., 2019). Figure 3.6a depicts a thin (~500 pm thick)
vein that shows acicular orthopyroxene at its boundaries with the host-rock and
euhedral, prismatic amphibole and orthopyroxene at its center. It is predicted that
amphiboles which formed at the center of veins are probably direct crystallization
products from melts and fluids (e.g. Witt-Eickschen et al., 1994; Ghent et al., 2019;
Siegrist et al., 2019). In Figure 3.6b, neoblastic amphibole and anhedral
clinopyroxene have been formed at the contact between the vein and the wall-rock
and are practically grown upon olivine. This may indicate a reactive origin for both
minerals. The presence of sulfides along with metasomatic minerals may indicate that
the metasomatizing agent was a sulfide-bearing silicate melt (Figure 3.6b). Therefore,
amphiboles in veins that occur in contact with their host-rocks might indicate a
reactive origin. Geochemical and textural data must be combined to confirm this

hypothesis.

thick vein SN OPX|

Figure 3.6: Amphiboles occurring in veins in xenoliths from the Avacha Volcano (Kamchatka) (Bénard
& Tonov, 2013).

3.6 Amphibole porphyroclasts

Amphibole porphyroclasts are relatively usual in mantle xenoliths from
continental rifting regions but also in Alpine-type peridotites (e.g. Piccardo et al.,
1988; Xu & Bodinier, 2004; Sapienza et al., 2009; Nozaka, 2014; Czertowicz et al.,
2016; Gudelius et al., 2019; Corvo et al., 2020; Pellegrino et al., 2020). They are large
and tectonically deformed grains that are set in a fine-grained matrix that generally
consists of olivine, clinopyroxene, orthopyroxene and other accessory minerals. They
can be equidimensional or own a slightly elongated shape such as in Figure 3.7.
Furthermore, in most cases the contacts with the matrix minerals are sharp and no
coronas or reaction rims are evident.
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Amphibole porphyroclasts are thought to represent a relic structure of an older
and originally coarse-grained generation of minerals. Czertowicz et al. (2016)
predicted that Mg-hornblende and edenite porphyroclasts from the Anita peridotite
predate the rest of the metasomatic minerals found in the rocks. Similarly, Pellegrino
et al. (2020) proposed that porphyroclastic amphiboles from Monte Duria
(Switzerland) are in equilibrium with garnet and clinopyroxene porphyroclasts and
they have all formed during peak-metamorphism in the garnet-peridotite stability
field. After reaching peak conditions, amphibole porphyroclasts that are rich in Ti
may exsolve ilmenite during pressure decrease and retrogression (e.g. Chen & Xu,
2005). From the discussion above it is profound that porphyroclastic amphiboles
predate matrix phases. They were formed at an earlier metasomatic episode but the
metamorphic evolution of the rock (re-equilibration, recrystallization etc.) have
eliminated their original texture and characteristics. Therefore, similarly to matrix
minerals, it is difficult to infer the processes that were involved during their original

formation.

1 mm

Figure 3.7: Amphibole porphyroclasts from the Anita peridotite (Czertowicz et al., 2016).
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Figure 3.8: a. Tremolite replacing pargasite from the Pohorje garnet peridotite (Slovenia) (Vrabec,

2010); b. Cummingtonite replacing tremolite in the Oeyama ophiolite (Japan) (Nozaka, 2014)

3.7 Replacive amphiboles

Late-stage amphibole may replace amphibole that was formed in an older
metasomatic episode. Two examples of this texture can be seen in Figure 3.8. A
matrix clinopyroxene from the Pohorje garnet peridotite is mostly surrounded by
pargasite which has been partly replaced by tremolite (Figure 3.8a). This
clinopyroxene is also showing amphibole lamellac. Because pargasitic amphibole is
stable at higher pressures, Vrabec (2010) considered that tremolite has replaced
pargasite at the lower pressures and temperatures during a retrogression stage. In the
Oeyama ophiolitic peridotites, cummingtonitic amphibole replaces tremolite (Figure
3.8b). According to Nozaka (2014) both cummingtonite and tremolite have been
formed from metasomatic fluids in the temperature range of 650-750 °C. Similar
textures have been observed in other localities (e.g. Albers et al., 2019; Pellegrino et
al., 2020; Cluzel et al., 2022). However, the exact mechanism that leads to this texture
is still not well discovered. It is generally thought that the late-stage amphibole is

replacing the older generation during retrogression and cooling events.

3.8 Amphibole Inclusions

Amphibole may occur as round, irregular or polygonal inclusions in

clinopyroxene, orthopyroxene, garnet and spinel in ultramafic rocks of all the
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geotectonic settings. For example, amphibole inclusions in garnets from the Su-Lu
garnet-lherzolite are pargasitic in composition and seem to be associated with chlorite
but also with fractures that have penetrated the host mineral (Figure 3.9a).
Clinopyroxenes, from Su-Lu, contain edenite inclusions that are in contact with
phlogopite and seem to predate fractures (Figure 3.9b). In Figure 3.9c, a pargasite
inclusion in spinel has been partially replaced by tremolite indicating that amphibole

inclusions may be affected by processes similar to those that were discussed in 3.7.

Different genetic models, either metamorphic or igneous, have been proposed
in the literature to explain amphibole inclusions. They have mostly been interpreted as
relic phases that were crystallized at an earlier metamorphic/metasomatic stage than
their host-phase (e.g. Carswell et al., 1983; Alibert, 1994; Yang, 2003). Sebsequent
recrystallization of the rock has led to the formation of the host-mineral that enclosed
amphibole. In contrast to this process, Yang & Hahn (2000) have observed aligned
amphibole inclusions in porphyroblastic garnets from the Su-Lu garnet-lherzolite.
From textural and geochemical charateristics they have concluded that the inclusions
have been formed prior to the UHP metamorphism but later than the formation of
garnets. They have also anticipated that metasomatic fluids infiltrated and reacted

with the fractured garnets to form amphibole (fracture healing).

Based on trace-element data, Tamura et al. (2014) have predicted that
pargasite inclusions in spinel from harzburgites in the Atlantis Massif oceanic core
complex have been formed by secondary melts that were trapped and crystallized in
spinel. Recently, numerous studies have shown that a similar, igneous origin may be
postulated for amphibole inclusions in chromites of ophiolitic chromitites, dunites and
harzburgites (Borisova et al., 2012; Johan et al., 2017; Rospabé¢ et al., 2017; Rospabé
et al., 2020; Pan et al., 2022). According to these studies, amphibole inclusions in
chromites could be crystallized by hydrous melts. However, on many occasions,
fluids may also be important factors in their formation. For example, Pan et al. (2022)
have expected that amphibole inclusions in chromite (Figure 3.9d) have been derived
from reactions between hydrous fluids and silicate melts. Rospabé et al. (2020) have
also predicted that amphiboles in dunitic chromite may have precipitated from a
hydrous and silica-rich melt or fluid. Borisova et al. (2012) have calculated that
inclusions in chromites of the Oman ophiolitic chromitites may have formed between
950 and 1050 °C at 200 MPa from MORB melts.
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Figure 3.9: Inclusions of amphibole in: a. Garnet from the Su-Lu garnet-lherzolite (Ye et al., 2009); b.

E\-\

Clinopyroxene from the Su-Lu garnet lherzolite (Yang, 2003); c. Spinel in harzburgite from the IODP
Site U1309 (Atlantis Massif) (Tamura et al., 2014); d. Chromite in harzburgite from the Lycian
Ophiolite (Pan et al., 2022).

Conclusions

Bonatti et al. (1986) emphasized on the fact that different types of amphiboles
are related to different evolutionary stages. Therefore, we can use amphiboles to
obtain more information about each evolutionary stage. However, this is not always
possible. In this chapter, it was shown that amphiboles can be divided into two major
categories: those that directly precipitate from melts and fluids (precipitative
amphiboles) and those that result from melt/fluid-rock interactions (reactive
amphiboles). For the present study, interstitial amphiboles and some of the
amphiboles that are found as inclusions or in veins will be considered precipitative.
Amphiboles that are growing at the expense of other minerals or that are present in

coronas around garnets belong to the reactive category. Another, less usual category,
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involves amphiboles that replace preexisting ones (replacive). Finally, on many

occasions it is extremely difficult to predict how the amphibole was formed because

re-equilibration and recrystallization processes have acted on the rock. For this

reason, a separate category must exist that is comprised of the matrix and

porphyroclastic textures.
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CHAPTER 4

A new amphibole-clinopyroxene Fe+2—Mg exchange
thermometer for ultramafic rocks

Introduction

The partitioning of Fe™ and Mg between coexisting ferromagnesian minerals
has been widely used as a geothermometer, as it is mainly a function of temperature.
Iron-magnesium exchange reactions are characterized by minimum volume changes
(AVieaction) hence, the pressure dependence of such reactions is insignificant.
However, the partitioning of Fe*? and Mg may be influenced by the concentrations of
other components present (e.g., Graham & Powell, 1984). This behavior is related to
non-ideal mixing in multi-component solid solutions such as garnet, pyroxene, and
amphibole. Consequently, in thermometric expressions, the inclusion of

compositional parameters that describe non-ideal behavior is important.

In ultramafic rocks, some of the most well-established and used Fe™-Mg
exchange thermometers are those between garnet and orthopyroxene (Harley, 1984;
Lee & Ganguly, 1988; Nimis & Griitter, 2010), garnet and clinopyroxene (Ellis &
Green, 1979; Powell, 1985; Krogh, 1988; Ai, 1993; Nakamura, 2009), garnet and
olivine (O’Neill & Wood, 1979; Wu & Zhao, 2007), and orthopyroxene and olivine
(Seckendorff & O’Neill, 1993). Two-pyroxene geothermometry is different as it is
based on the miscibility gap between clinopyroxene and orthopyroxene, which is
temperature-dependent. Exchange of the enstatite component between the two
pyroxenes is the most common formulation method (Wells, 1977; Bertrand &
Mercier, 1985; Brey & Kohler, 1990; Taylor, 1998).

Iron-magnesium exchange geothermometers involving amphibole have been
proposed only for felsic to mafic composition rocks. Wells (1979) was the first to
construct an empirical garnet-hornblende calibration. However, it was based on
limited data, exclusively on eclogitic rock compositions, and its application was
questioned. Graham & Powell (1984) and Powell (1985) devised an empirical
equation using garnet-hornblende pairs from natural amphibolites, granulites, and
experimental basalts with applications to metamorphic rocks of andesitic to basaltic
composition. Krogh Ravna (2000) published the latest garnet-amphibole, Fe™>-Mg

exchange thermometer along with a method to estimate Fe** in both amphibole and
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garnet. His thermometer has been proven to be more precise, but it is only applicable

to amphibolites and hornblende-metapelites of intermediate to basic composition.

Niida & Green (1999) have proposed a method to calculate the temperature
and pressure of amphibole formation in ultramafic rocks based on the sodium content
of amphibole according to their experimental results. Mandler & Grove (2016)
suggested an empirical amphibole geothermobarometer based entirely on their
experimental data as well. Recently, new geothermobarometric methods have been
proposed, but they are focused on magmatic amphiboles in equilibrium with mafic to
felsic melts (e.g., Ridolfi, 2021; Higgins et al., 2022). A thorough and inclusive
geothermometric formulation for amphiboles in ultramafic rocks has not yet been
considered. In this chapter, a new Fe>-Mg exchange thermometer between
amphibole and clinopyroxene will be presented that makes use of all available
experimental data on ultramafic compositions. Because amphibole is a metasomatic
mineral that is incorporated in ultramafic rocks at some point during their evolution,
the amphibole-clinopyroxene thermometer aims to explore the degree of equilibration
of amphibole with the primary mantle phases.

4.1 P-T-X controls on amphibole formation

The presence of amphibole in the mantle is crucial in petrological studies.
Amphibole, as well as other metasomatic minerals such as phlogopite, influence
partial melting processes occurring in the mantle and thus the generation of basaltic
melts. Therefore, the stability of amphibole in the mantle is a very important topic that
has troubled petrologists throughout the years. It was first discussed by Oxburgh
(1964), Ringwood (1962), and Kushiro (1968), but in these works, no experimental

amphiboles were investigated.

Mysen & Boettcher (1975) have observed that the stability of amphibole in
peridotite is highly dependent on bulk composition with higher peridotite Mg#

(L) stabilizing amphibole at higher pressure. Wallace & Green (1991)
Mg+Fetot

demonstrated that alkali-rich peridotitic compositions stabilize amphibole at higher P—
T conditions. This was also supported by Niida & Green (1999) who observed that the
stability field of pargasite may be isobarically expanded from 1025 to 1150°C with
increasing alkali (Na and K) content of the starting bulk-rock composition. This idea
was also supported by Fumagalli et al. (2009) and Mandler & Grove (2016).
Amphibole stability is also highly dependent on the H>O content of the rock. This was

observed in several experimental studies on water-saturated compositions (e.g.,
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Millhollen et al., 1974; Grove et al., 2006). It was found that large, but non-realistic,
amounts of H>O decrease the P-T stability of amphibole in mantle rocks. However,
even 1 wt.% of H2O is enough to decrease the stability of amphibole as Green et al.
(2014) have shown. Therefore, free HoO may destabilize amphibole by leaching
alkalis into the fluid phase (Mandler & Grove, 2016).

Some of the first, experimentally produced, amphiboles were synthesized by
Green (1973) by adding variable amounts of H>O to a pyrolite mantle composition.
Pyrolite is a model composition proposed by Ringwood (1962) to simulate the
MORB-source mantle. Pyrolite is comprised of one part of tholeiitic basalt and three
parts of dunite. In every experimental run of Green (1973), approximately 40 vol. 1 %
of olivine was removed from the original pyrolite to reduce the dominance of olivine
and to facilitate the detection of minor phases. This method was also used in
subsequent studies (e.g., Wallace & Green, 1991; Niida & Green, 1999; Fumagalli et
al. 2009). Olivine subtraction increases the relative abundance of all oxides in the
starting material except MgO. For example, in Green (1973), CaO has been shifted
from 3.1 to 5.1 wt.% and NaxO from 0.6 to 0.95 wt.%. The relative increase in oxide
weights enhances the experimental composition in terms of alkalis which, as
discussed earlier, are important for the stabilization of amphibole. Mandler & Grove
(2016) have pointed out that olivine subtraction may introduce errors and uncertainty
due to the assumptions made about the composition of olivine. According to these
authors, olivine subtraction leads to higher Cr/Al, Al/Mg, and Na/Si ratios, but lower

Fe/Mg ratios in residual phases.

Millhollen et al. (1974) adopted a different experimental approach. Instead of
using a pyrolite mantle composition and removing olivine from the starting material,
they have used a natural spinel-bearing peridotite from the St. Paul’s Rocks. The
peridotite was already rich in pargasite and contained 5.7 wt.% H20O bound in hydrous
minerals. Likewise, Mysen & Boettcher (1975) used natural peridotites of variable
composition. In their experiments, amphibole was scarce in the peridotitic
compositions with the lowest alkalis and abundant in alkali-rich experimental runs.
On other occasions, the metasomatic component was added in the form of phlogopite
which provided the needed alkalis and H>O to the experimental system. For example,
Mengel & Green (1989) have added an equivalent of 1.5 wt.% phlogopite in an
anhydrous peridotitic composition to account for the metasomatic component.
Mandler & Grove (2016) have also introduced 1 wt.% of a metasomatic component
made of 65 wt.% H>O, 30 wt.% NaO and 5 wt.% K>O to simulate slab-derived
fluids/melts.
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In many recent experimental studies, the starting materials were constructed
by mixing pure synthetic oxide powders and carbonates (e.g., Adam & Green, 2006;
Grove et al., 2006; Green et al., 2014; Mallik et al., 2015; Pintér et al., 2021; Wang et
al., 2021). In Mallik et al. (2015) and Wang et al. (2021), experimentally synthesized
peridotites, representing unmodified compositions, were fluxed and reacted with
model, hydrous rhyolitic or basaltic melts. In these experiments, the melts provided
the required H>O and probably alkalis to the system to generate amphibole. Once the
reaction occurred, the samples were allowed to equilibrate. In the remaining studies,

H>0O was introduced either via a microsyringe or in the form of brucite [Mg(OH)-].

As noted in previous chapters, amphibole is a metasomatic mineral which is
related either to melts or fluids of variable composition. These metasomatic agents
penetrate the ultramafic rocks and then directly crystallize amphibole or react with
pre-existing minerals like pyroxene, spinel, and garnet. Therefore, amphibole is not a
primary mantle phase, which means that it does not naturally form under ambient
mantle conditions because these anhydrous conditions do not favor its crystallization.
Amphibole is a secondary mineral, and its formation requires the existence of an
external hydrous metasomatic agent that is rich in alkalis. This metasomatic agent has
been approximated by several different methods in ultramafic composition

experiments.

4.2 Construction of the thermometer

4.2.1 Collection of experimental data

A total of 84 amphibole-clinopyroxene equilibrium pairs on ultramafic compositions
were culled from the literature. During the initial inspection of the data, one pair from
Gorbachev et al. (2020) and two pairs from Green (1973) were suspected of
disequilibrium and excluded outright. All amphibole-clinopyroxene pairs from Shaw
(2009) were also excluded from the data set, as the attainment of equilibrium was not
the primary goal of the experimental work. Unfortunately, the compositions of the
experimental run products of Millhollen et al. (1974) and Mysen & Boettcher (1975)

were not given in their publications.
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Table 4.2: Experimental amphibole-clinopyroxene pairs from ultramafic compositions used.

Reference No. of pairs No. of pairs
(in chronological order) (before calibration) (after calibration)
Mengel & Green, 1989 4 3
Wallace & Green, 1991 3 3
Niida & Green, 1999 18 15
Adam & Green, 2006 2 1
Grove et al., 2006 1 1
Fumagalli et al., 2009 5 4
Green et al., 2010 1 1
Green et al., 2014 17 12
Mallik et al., 2015 3 2
Mandler & Grove, 2016 19 18
Corgne et al., 2018 2 0
Pinter et al., 2021 2 2
Wang et al., 2021 7 2

Total 84 64

4.2.2 P-X and T-X diagrams

The variation in the chemical composition of amphibole and clinopyroxene
with experimental temperature and pressure is shown in Figures 4.1-4.3. According to
Niida & Green (1999), total Al in amphibole increases with increasing temperature.
This, however, was not observed in our data set (Figure 4.1a). On the other hand,
there is a significant negative correlation between total Al and pressure (Figure 4.1b).
The difference between our study and Niida & Green (1999) is possibly due to the
wider and more inclusive compositional range of our database. Tetrahedral Al and
total Ca in amphibole, also display a negative trend with pressure but no relation to
temperature (Figure 4.1c-f). Total Na, and Na in site A increase with increasing
temperature and pressure (Figure 4.la-d). This is in good agreement with the
observations of Niida & Green (1999) and Mandler & Grove (2016). However,
pressure affects the Na content of amphibole in a much more profound and significant
way compared to temperature. This is indicated by the much higher R? values and the
more precise linear fitting (Figure 4.1a-d). Finally, Ti in experimental amphibole

shows no significant relation with either temperature or pressure (Figure 4.2e-f).

Most of the compositional changes discussed above are related to ionic
substitutions in the amphibole crystal lattice. Generally, as pressure and temperature

increase, pargasitic amphiboles become gradually enriched in the edenite, richterite
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and magnesio-katophorite components. The most important substitutions that define

these transformations, as noted by Mandler & Grove (2016), may be written as:

Richterite substitution: Ca™ + (Al Fe, Cr)"™ +2 Al © Na+ Mg +2 Si™
Magnesio-katophorite substitution: Ca* + Al"* & Na* + Si™
Edenite substitution: (Al, Fe, Cr)™ + A" © Mg*? + Si**
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Tetrahedral Al and total Ca in clinopyroxene seem to be unaffected by
temperature but show a systematic dependence on pressure (negative trend, Figure
4.3a-d). On the other hand, total Al is unrelated to pressure but slightly affected by
temperature (not shown). As in amphibole, total Na in clinopyroxene increases with
both temperature and pressure (Figure 4.3e-f). However, the pressure influence is

much more important.

4.2.3 Thermodynamic formulation

The exchange of Mg and Fe™ between amphibole and clinopyroxene may be

expressed by the following reaction:

%NaCazMg4Al3Sisozz(OH)2 (pargasite) + FeCaSi,O¢ (hedenbergite) —
% NaCasFesAl;SisO22(OH), (Fe-pargasite) + MgCaSi»Og (diopside) (4.8)

The equilibrium constant of this reaction may be written as:

alli'{f—Prg'aDi
K = 1/4 (42)

Xprg AHd

where a represents the activities of each constituent phase that are defined as follows:

AfFe—prg = (XFe—Prg : ]/Fe—Prg)l/4 (4.3)
QAprg = (XPrg : )/Prg)l/4 (4.4)

ap; = Xpi * Ypi (4.5)

Ana = Xua * YHa (4.6)

X is the mole fraction of each endmember (j) in amphibole or clinopyroxene whereas

v is the activity coefficient. Substituting equations (4.3) — (4.6) in equation (4.2) and

rearranging we obtain:

K = (XFe—parg'Xdi) . (VFe—parg'Vdi) _ KD'KY

Xparg'Xned YvargVhed

4.7)
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where Kp is usually referred to as the distribution coefficient and describes the
partitioning of Fe?" and Mg between amphibole and clinopyroxene. Ky is the ratio of
the products of the respective activity coefficients (products over reactants). In the
case of all participating phases forming ideal solutions, the activity coefficients

become equal to unity and therefore:

amph ,cpx ( Fe ) ( Mg ) (Mg)
K =Kp= Xpe 'XMg _ Fe+Mg amph Fe+Mg+Ca+Mn cpx _ Fe/cpx (4 8)
D Xamph_chx ( Mg ) ( Fe ) (w) .
Mg Fe Fe+Mg/ gmpp \Fe+Mg+Ca+Mn/ ., Fe/amph

The Fe/Mg ratios of amphibole and clinopyroxene were calculated assuming
all iron is ferrous. As pointed out by Graham & Powell (1984), this assumption is
reasonable because it is applied to all amphibole-clinopyroxene pairs and any possible
errors that may occur are cancelling each other out. Empirical Fe™ calculation
schemes may not provide precise results and, therefore, affect the thermodynamic

formulation in a significant way.

In this thermometric formulation, the standard-state differences in enthalpy
(AH°) and entropy (A:S°) of reaction (4.1) will be considered constant. This implies
that the difference in heat capacity of the reaction under constant pressure is zero
(ACp = 0). This simplification is often used to decrease the complexity of such
formulations without introducing much error. In principle, both A;H° and A.Se are a
function of temperature and a correct formulation would slightly alter the final form
of the thermometric equation. However, accurate inference of A/H° and A:Se at
elevated temperatures requires the knowledge of several empirical terms related to the
heat capacity of each endmember. Such data are not available for the endmember
phases chosen and therefore both A/H® and A.S" must necessarily be considered

constant.

The equilibrium of the Fe-Mg exchange reaction between amphibole and
clinopyroxene can be expressed in the following way:

AG° =0 = AH° - TA:S® + PA/V® + RTInK (4.9)

where A/Ge, AH°, A:S°, and A;V° are the differences in Gibbs free energy, enthalpy,
entropy, and volume of the reaction at standard state conditions respectively, and R is
the universal gas constant (equal to 8.3145 J-mol!-K'); A:G° equals zero at

equilibrium.
Substituting (4.7) in equation (4.9) gives:

AH° — TAS® + PAV> + RTInKp + RTInK, = 0 (4.10)
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The RTInKp term describes the Gibbs free energy change that is related to the
ideal chemical mixing between the constituent phases. In contrast, the RTInK, term
defines the excess Gibbs free energy change due to non-ideal mixing which is usually

referred to as AGgx. Therefore, equation (4.10) may be rewritten as:

AHe — TA.S® + PAV° + RTInKp + AGpy = 0 4.11)

Rearranging of (4.11) gives:

T(AS° - RInKp) = A.He+ PAVe + AGgy “4.12)

To accurately derive AGgy, the activity coefficients (y) of amphibole and
clinopyroxene must be evaluated. This, in turn, requires the development of solid-
solution models that describe the non-ideal interactions between endmembers for each
phase. Considering, however, the limited amount of experimental data available, it
seemed more reasonable to apply a simple regression technique to calculate AGgy
rather than developing detailed and complex solid-solution models. We approximated
AGgy by assuming that the observed chemical variations in amphibole and
clinopyroxene with pressure reflect energy changes brought about by ionic
substitutions in the minerals as the P conditions changed. We assigned the variations
with pressure of ALZTP", NaZmP"  cal™" | AISP*, NaPY and CaPY to PWy terms
and therefore multiplied each with pressure (subscript ‘tot” stands for total and ‘7" for
tetrahedral). The influence of temperature on total Na in both clinopyroxene and
amphibole was considered insignificant based on the small values of R? and the
generally unsatisfactory fitting (Figure 4.2 & 4.3), compared to the profound and

large influence of pressure. Following the discussion above, equation (4.12) becomes:

T(AS° - RInKp) = AH® + PA Ve + P AL+ p Ng@PPt p Ca PR+

P AP+ P NaPi+P Cally (4.13)

4.2.4 Calibration Results

Calibration of the thermometer was achieved through linear regression
analysis using the calibrant dataset of Table 4.1 and equation (4.13). The term on the
left-hand side of equation (4.13) is the dependent variable whereas all parameters on
the right-hand side are the independent variables. Up until this point, equation (4.13)

contains an unknown (A;S°) in the dependent variable. To overcome this problem,
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A:S° was fixed to an empirical value which imposed several advantages to be
discussed shortly. Having A;S° fixed, and by substituting the appropriate experimental
data values in (4.13), the values of A{H°, A;V° and the statistical coefficients of the six

parameters reflecting AGgy were regressed.
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Figure 4.4: Texp vs AT plot of the remaining 64 experiments after the calibration of the amphibole-
clinopyroxene thermometer (Table 4.1.). All of the experiments fall within 100°C of the zero line

without any obvious trend.
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Figure 4.5: Texp Vs Teate plot of the remaining 64 experiments after the calibration of the amphibole-
clinopyroxene thermometer (Table 4.1.). Notice that all of the experiments fall within 50°C of the 1:1

line.
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Setting A:S° equal to -29 J-K''-mol! gave an optimal solution as it effectively
produced a horizontal trend in a plot of (Texp—Tealc) Vs. Texp and concomitantly reduced
the standard deviation on the temperature estimate. Experiments with the highest

Texp —Tcalc

absolute relative deviations ( ) were then eliminated one at a time until all

exp

AT values were confined in the + 100°C interval of Figure 4.4.

Of the initial 84 experiments, 64 remained after the calibration (

Table 4.2). The linear regression analysis yielded a AH° value of -39.956 +
0.72 kJ-mol™! and a A/Ve value of 1.29 + 0.23 J-bar!-mol™'. The statistical coefficients
of the chosen chemical parameters along with their relevant errors are tabulated in
Table 4.3. The final form of the amphibole-clinopyroxene thermometer was obtained

by substituting the statistically regressed data and rearranging (4.13):

Tamphiepx (°C) = [(=39956 + 1.29P — 0.17P AIZwP" — 0.15P NaJp?" —

0.33P CaZ™" 4+ 0.14P AIP* — 1.66 PNa?* —0.10 P Ca?¥) /  (+19
(=29 — RInkp)] - 273.15

where pressure (P) is measured in bar, R is equal to 8.3145 J-mol'-K!, Kp is

calculated by (Mg/Fe)epx/(Mg/Fe)ampn and ALLP™ NalmP" | callmPh | ALSPY, NalP?
and C aggf are measured in atoms per formula unit (apfu). The clinopyroxene formula
is calculated on the basis of 6 oxygens while the amphibole formula is derived on the
basis of 22 oxygens + 2(OH, F, Cl) following the calculation scheme of Locock
(2014). If significant Ti is present in amphibole (more than 4.5 wt % TiO», see
Chapter 1 for more details), then it must be assumed that (OH, F, Cl) = 2 — 2Ti. As
defined by the calibrant dataset, the thermometer should be used for pressures that

range from 0.7 to 3.7 GPa and for temperatures that range from 800 to 1100 °C.

Table 4.3: The statistically regressed values of A;H® and A;V° and the coefficients of the chemical

components used in the formulation. The standard error of each parameter is also given here.

(ﬁﬂ;_l) I_AI;VO:_S)J bar pgjamphp NamPh p cq@mPR p gPY ppgPX p cqPX
Value -39956 1.29 -0.17 -0.15 -0.33 0.14 -1.66 -0.10
Error 718 0.23 0.033 0.066 0.072 0.27 0.38 0.19

Table 4.4: Compositional ranges of experimental amphibole and clinopyroxene of our calibrant dataset.
The new thermometer should strictly be applied to pairs that fall in the present compositional ranges.
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Cation (apfu) Amphibole Clinopyroxene
Si 5.88-6.80 1.84-1.98
Al 1.63-2.97 0.084 - 0.28
Mg 3.49-4.40 0.81-1.21
Fe 0.24-0.93 0.046 - 0.18
Ca 1.13-1.90 0.72-0.90
Na 0.49-1.20 0-0.16

The constructed thermometer reproduces the experimental temperatures with a
standard error of + 34.3°C and shows a satisfactory trend between Texp and Tearc
(Figure 4.5). It should be applied to natural clinopyroxene-amphibole pairs from
ultramafic rocks that fall in the compositional ranges of our calibrant database
outlined in Table 4.4.

4.3 Application to natural rocks

In the following section, the new Fe-Mg exchange thermometer was applied to
natural amphibole-clinopyroxene pairs in ultramafic rocks from multiple geotectonic
settings around the globe that have been previously investigated in the literature. As
noted earlier, amphibole is a secondary metasomatic mineral that is incorporated in
ultramafic rocks at some point during their geological evolution. The timing of the
amphibole formation may therefore affect the calculated temperature of the present
thermometer. Clinopyroxenes in mantle rocks are usually primary. Therefore, they
may have been formed at completely different P-T-t conditions compared to
amphibole and it would therefore be unreasonable to use the two minerals in order to
obtain a single temperature. However, if amphibole remains at mantle ambient
conditions for time periods long enough, it is possible that it may diffusionally re-
equilibrate with the rest of the primary mantle phases such as clinopyroxene. In order
to test this hypothesis, the new amphibole-clinopyroxene thermometer was compared
to a two-pyroxene thermometer (Brey & Kohler, 1990) which involves two primary
mantle phases (clinopyroxene and orthopyroxene). In the case of the two
thermometers yielding similar temperatures, it is very likely that amphibole has
equilibrated in the mantle. In the opposite scenario, where the two thermometers
diverge to a great extent, amphibole is probably in disequilibrium with the
clinopyroxene (and the rest of the mantle phases). The comparison between the two
thermometers was not always feasible as very often orthopyroxene was not present in

the samples under investigation, or it has not been analyzed.
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4.3.1 Xenoliths from continental rift-related settings

Figure 4 6 demonstrates the results of the new thermometer against the
temperature estimates of the two-pyroxene thermometer of Brey & Kdohler (1990) on
ultramafic xenoliths from continental rift-related settings. Only cation-normalized
pyroxene analyses have been used in the presented calculations. The vast majority of
the xenoliths under investigation have been found as inclusions in tholeiites or alkali-
basalts. The examined xenoliths mostly comprise of spinel-bearing lherzolites and
harzburgites although a few wehrlites are also present in several locations such as in
Kandalaksha (Beard et al., 2007), Nograd Gomor (Liptai et al., 2017), Wilcza Gora
(Matusiak-Malek et al., 2017), Spitsbergen (Ionov et al., 2002) and West Eifel (Shaw
et al.,, 2005). A few other thermometric calculatitons were conducted on one
xenolithic pyroxenite and two transition zones (grading from lherzolite to pyroxenite)
in West Eifel (Witt-Eickschen et al., 1993). Spinel-peridotites are accompanied with
the difficulty that, until now, there is no method to accurately determine the
equilibration pressure of the samples. Previous calculations in the literature assumed
an average pressure of 15 kbar based on the stability field of spinel peridotites. The

same pressure was applied for amphibole-clinopyroxene pairs here.

According to Figure 4 6 several localities show exceptionally comparable Tamph/cpx and
Tekeo. For example, in the Eastern Transylvanian Basin, amphibole-clinopyroxene
thermometry and two-pyroxene thermometry was applied on porphyroclastic and
protogranular grains, respectively. As is evident from Figure 4 6 amphibole-
clinopyroxene temperatures (average of 1045 °C) are very similar to two-pyroxene
ones (average of 1011 °C). Faccini et al. (2020) showed that clinopyroxenes and
amphiboles in xenoliths from the Eastern Transylvanian Basin display similar trace-
element patterns which indicates that amphibole has resulted from the hydration of
clinopyroxene. Moreover, both Vaselli et al. (1995) and Faccini et al. (2020) agree
that amphibole has re-equilibrated at subsolidus conditions, an argument which is

accordance with the present thermometric calculations.

Witt-Eickschen & Harte (1994) showed that the primary mantle phases in
West Eifel have achieved both textural and chemical equilibrium. They have
additionally proven the metasomatic origin of amphibole. Moreover, the new
amphibole-clinopyroxene thermometer yields very similar temperatures to two-
pyroxene thermometry for matrix amphiboles and pyroxenes (Figure 4 6). This shows
that amphibole is also in equilibrium with the primary phases and it remained in the

sub-continental mantle at a temperature of ~1000 °C (Figure 4 6) for long enough time
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(amphibole formed around 200 Ma according to Stosch, 1987) so as to diffusionally
re-equilibrate with the primary phases. Contrastingly, two pairs from West Eifel that
involved disequilibrium textures (poikilitic amphibole) plot far away from the 1:1 line
of Figure 4 6 giving completely unreasonable temperatures. This shows that the
textures of the minerals that are involved in the amphibole-clinopyroxene

thermometer are of extreme importance.
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Figure 4 6: Tamphcpx Vs Trkoo for ultramafic xenoliths that are associated to continental rift-related
geotectonic settings. -Balaton (Hungary): Ntaflos e al., 2017 -Cerro Gordo (Spain): Villaseca et al.,
2020 -Eastern Transylvanian Basin (Romania): Faccini et al., 2020;Vaselli et al., 1995 -Little
Hungarian Plain (Hungary): Szabo et al., 1995 -Massif Central (France): Uenver-Thiele et al., 2014;
Denis et al., 2015 -Nograd Gomér (Hungary): Liptai et al., 2017 -Spitsbergen (Norway): lonov et al.,
1997; Tonov et al., 2002 -West Eifel (Germany): Witt-Eickschen et al., 1993; Witt-Eickschen & Hart,
1994; Ban et al., 2005; Shaw et al., 2005 -Wilcza Gora (Poland): Matusiak-Malek, 2017 1 -Ahaggar
(Algeria): Kaczmarek et al., 2016 -Barombi & Nyos (Cameroon): Pinter et al., 2015 -Injibara
(Ethiopia): Ferrando et al., 2008; Frezzotti et al., 2010 -Jabel El Arab (Syria): Ismail et al., 2008 -
Marsabit (Kenya): Kaeser et al., 2007 -Kandalaksha (Russia): Beard et al., 2007 -Nushan (China): Xu
et al., 1997; Xu et al., 1998; Xu & Bodinier, 2004 -Central Andes (Argentina): Lucassen et al., 2005 -
Grand Canyon (Arizona): Hunt & Lamb, 2019 -Victoria (Australia): Griffin et al., 1984; Stolz &
Davies, 1988; Powell et al., 2004; Bonadiman et al., 2021

Coarse-grained amphibole in xenoliths from Wilcza Gora (Poland) is also
expected to be in equilibrium with the rest of the coarse-grained minerals. This is

because average Tamphicpx 1S e€qual to 977 °C and average Tgkoo is 969 °C and the

® Eastern Transylvanian Basin, Romania

Nograd-Gomor, Northern Pannonian Basin
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majority of the temperatures fall along the 1:1 line of Figure 4 6. Matusiak-Malek et
al. (2017) observed that amphiboles and clinopyroxenes in the studied samples are in
equilibrium in texture but also in terms of trace-element composition. The
aforementioned authors have predicted that both amphibole and clinopyroxene are
metasomatic in origin and derived from a mafic alkaline melt. Succeeding the
metasomatic formation, amphibole has probably re-equilibrated and re-crystallized at
subsolidus conditions and its major-element composition has been shifted so that

amphibole can be stable at ambient mantle conditions.

Another example of equilibrium is evident from fine-grained and disseminated
amphiboles and pyroxenes in xenoliths from Injibara (Ethiopia) (Ferrando et al.,
2008; Frezzotti et al., 2010). The pairs used here, give an average Tamph/cpx €qual to
1053 °C and an average Tgkoo equal to 998 °C. According to Ferrando et al. (2008), a
first metasomatic event in the continental lithospheric mantle was related to water-
bearing fluids that were derived from a mantle plume. This initial event modally
affected the mantle rocks and precipitated amphibole. Subsequently, a second
metasomatic event was characterized by a temperature increase to about 1100 °C and
caused the recrystallisation of the mantle rocks. Almost all generations of minerals
seem to have been affected by the second event and have re-equilibrated. The new
amphibole-clinopyroxene thermometer records this higher-T event of re-equilibration

as it provides temperatures that range from 998 to about 1100 °C.

Ultramafic xenoliths from Massif Central, are defined by disseminated, re-
crystallized amphiboles or fine-grained amphiboles that grow around spinels and they
own the same grain size as the coexisting anhydrous primary phases. Using
amphibole-clinopyroxene grains that belong to the same texture from Uenver-Thiele
et al. (2014) and Denis et al. (2015), temperatures from 984 to 1081 °C were obtained.
These temperatures are well within the two-pyroxene temperature range as reported in
Uenver-Thiele et al. (2014) but also recalculated in this study (Figure 4 6).

Amphiboles and clinopyroxenes very often do not belong to the same textural
group. For example, in Nograd Gomor, interstitial amphiboles were used along with
fine-grained pyroxenes. According to Liptai et al. (2017), clinopyroxene and
orthopyroxene are in chemical equilibrium but there is no information about
amphibole. On the other hand, the trace-element composition of amphiboles was
indicating their formation from fluids or melts at a suprasubduction zone or in an
intra-plate setting. Interstitial amphiboles and fine-grained, isometric pyroxenes yield
an average Tamphcpx Of 1026 °C and a comparable Tgkoo equal to 962 °C. This
observation could be interpreted based on two different scenarios. The first one is

that, although textural equilibrium has not been achieved, it is possible that the
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amphibole has equilibrated in terms of Fe/Mg exchange through diffusion processes.
This could mean that recrystallization processes have been slower compared to the
diffusion of chemical species. Another possibility is that the observed agreement of
the two thermometric techniques is random and uninterpretable and is not associated
with any physical process. Similarly to Nograd Gomor, the same observations have
been made for the Little Hungarian Plain Volcanic Field and Grand Canyon

(Arizona).

Disseminated amphiboles in kimberlite-related xenoliths from Kandalaksha
(Russia) are a good example of disequilibrium. When they are used along with
primary clinopyroxene grains of the same texture, an average temperature of 1011 °C
is calculated. On the other hand, two pyroxene thermometry predicts an average of
860 °C (Figure 4 6). This enormous difference in temperatures indicates that
amphibole has not attained equilibrium with the rest of the primary mantle phases.
According to Beard et al. (2007) the Kandalaksha xenolithic peridotites were firstly
subjected to a Devonian carbonatitic metasomatic event. Then, a later metasomatic
event resulted in the direct crystallization of the disseminated amphibole. Based on
the disequilibrium evidence that is shown here, it is expected that the xenoliths were
rapidly transported to the surface from the kimberlite immediately after the amphibole
formation during the second metasomatic event. Therefore, amphibole did not remain
in the mantle for long enough time to re-equilibrate with the pyroxenes. Because
xenoliths are generally transported to the surface rapidly, it is not expected that
different closure temperatures could cause this enormous difference in temperatures.
This possibility could be plausible in Alpine-type peridotites in which exhumation is
much slower compared to xenoliths as will be discussed later. The same scenario is
expected for matrix amphibole-clinopyroxene pairs in ultramafic xenoliths from
Andes (Argentina), Victoria (Australia) and Nushan (China).

A somewhat different disequilibrium scenario is expected for xenolithic
amphibole in Cerro Gordo. Interestingly, according to Villaseca et al. (2020),
amphibole in Cerro Gordo was modally formed by metasomatic agents during the
Variscan continental collision around 300 Ma ago. However, at 3 Ma ago partial
melting occurred in the sub-lithospheric mantle mainly as a result of breakdown
reactions that consumed amphibole. It is therefore very possible that the chemical
composition of amphibole has been affected by the 3 Ma years old partial-melting

event. This could explain the discrepancy observed in Figure 4 6.

Finally, amphiboles from Marsabit (Kenya) are displaying various
temperatures depending on the texture that is chosen each time. Two-pyroxene

thermometry is, always yielding higher temperatures than the amphibole-
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clinopyroxene thermometer. Residual amphibole and metasomatic clinopyroxene
show a temperature of 933 ©°C, whereas residual amphibole and primary
clinopyroxene define a temperature equal to 999 °C. Amphiboles in veinlets and
metasomatic clinopyroxene are showing an average temperature equal to 900 °C.
Finally, amphibole and clinopyroxene that are adjacent to glass yield an average
temperature around 985 °C. Marsabit is a good example which shows the large impact

the mineral textures have on the calculated temperature.

4.3.2 Alpine-type peridotites

Amphibole-clinopyroxene thermometry in Alpine-type orogenic peridotites is
somewhat different compared to ultramafic xenoliths in continental rifting systems.
Figure 4.7 shows that the calculated Tamph/icpx values are generally lower than those of
Figure 4 6. In fact, the majority of the amphibole-clinopyroxene temperatures are
plotted in the range between 800 and 1000 °C. Moreover, many of the investigated
orogenic peridotites comprise of garnet-bearing lherzolites, pyroxenites and
websterites in which the estimation of pressure is totally feasible. If an equilibration
pressure has been previously estimated in the literature for the localities present here
(Figure 4.7) then the same pressure was used in the thermometric calculations
respectively. If the equilibration pressure of the peridotites exceeded that of the
maximum pressure of the amphibole stability field (~37 kbar), then an average
pressure of 15 kbar was used. Spinel-bearing peridotites have been treated similarly,

assuming that the equilibration pressure is 15 kbar.

Only a few localities seem to have attained equilibrium between amphibole
and the primary mantle phases and these involve Beni Busera (Morocco), Zabargad
Island (Red Sea) and Caussou (France). In more detail, according to El Atrassi et al.
(2014) garnet-bearing websterites and clinopyroxenites in Beni Busera have been
extensively metasomatized after their initial formation. Coarse-grained amphibole is
in textural equilibrium with the rest of the matrix phases in both rocks. However,
trace-element equilibrium between amphibole and clinopyroxene has only been
achieved in the garnet websterites. Our thermometer shows that amphibole-
clinopyroxene pairs have equilibrated, in terms of Mg/Fe exchange, in both types of
rock (Figure 4.7). This is in contrast with the findings of El Atrassi et al. (2014) who
assumed a general disequilibrium between amphibole and clinopyroxene in the
clinopyroxenites. In fact, trace-element disequilibrium between two phases does not
necessarily imply that the minerals have not equilibrated in terms of major-elements

as well. This difference of equilibration degree between trace and major elements
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could be ascribed to cryptic metasomatism which could have affected amphiboles
and/or clinopyroxenes at a later stage. But it could also be related to contrasting
diffusivities of the compositional species between the minerals. For example, the
Fe/Mg exchange could be way faster compared to the exchange of the trace elements
between amphibole and clinopyroxene. Similarly to Beni Busera, equilibrium was
also found for amphibole-clinopyroxene pairs in Caussou (France). Amphiboles from
Caussou are expected to have formed around 103 Ma ago according to Albarede &
Vitrac (1978) and show an average Tamph/cpx Of 984 °C. A comparable Tgkoo equal to
920 °C has also been calculated.
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Figure 4.7: Tamph/cpx VS Tkoo for Alpine-type, orogenic peridotites around the globe. -Alpe Arami
(Switzerland): Paquin & Altherr, 2001 -Baldissero (Italy): Mazzucchelli et al., 2010 -Balmuccia (Italy):
Mazzucchelli et al., 2009 -Cima di Gagnone (Switzerland): Scambelluri et al., 2014; Hidas et al., 2021;

Ferrari et al., 2022 -Finero (Italy): Zanetti et al., 1999; Corvo et al., 2020 -Monte Capio (Italy): Berno
et al., 2020 -Lanzo Massif (Italy): Kaczmarek & Muntener, 2008; Duarte et al., 2020 -Monte Duria
(Italy): Pellegrino et al., 2020 -Nonsberg (Italy): Obata & Morten, 1987 -Ulten (Italy): Sapienza et al.,
2009; Pellegrino et al., 2021; Gudelius et al., 2019 -Nové Dvory (Czech Republic): Muriuki et al., 2020
-Caussou (France): Conquéré, 1971; Fabriés et al., 1989 -Pohorje (Slovenia): Janak et al., 2006; De
Hoog et al., 2009; Vrabec, 2010 -Friningen (Sweden): Gilio et al., 2015 -WGR (Norway): Carswell et
al., 1983; Beyer et al., 2006 -North Qaidam (Tibet): Chen et al., 2017 -Su-Lu (China): Ye et al., 2009; -

Beni Busera (Morocco): El Atrassi et al., 2014 -Zabargad Island (Red Sea): Bonatti et al., 1986;

Piccardo et al., 1988 -Sulawesi (Indonesia): Kadarusman & Parkinson, 2000 -Tinaquilo (Venezuela):
Seyler & Mattson, 1989
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In Zabargad, amphibole is in textural equilibrium with the primary phases in
spinel-lherzolites and a plagioclase-bearing assemblage in pyroxenites. According to
Piccardo et al. (1988), pargasites in both types of rocks partially re-equilibrated and
re-crystallized during the transition of spinel- to plagioclase-facies. Amphibole-
clinopyroxene temperatures show an average of 972 °C while two-pyroxene
thermometry yields an average of 993 °C. This agreement in temperatures shows that
amphiboles were given enough time and/or temperature to re-equilibrate along with
the primary mantle phases. It also implies that the rocks either remained at a stable
temperature at some stage of their exhumation path or that the exhumation rates were

relatively slow.

In many of the remaining Alpine-type, orogenic peridotites amphiboles have
achieved textural equilibrium with clinopyroxene and orthopyroxene. For example,
many amphibole grains are found in textural equilibrium with the primary phases in
the External Liguride peridotites (Italy), Monte Capio (Italy) and Finero from the
Ivrea-Verbano Zone, Lanzo Massif (Italy), Ulten (Italy), Monte Duria (Italy), North
Qaidam (Tibet) and Tinaquilo (Venezuela). Orogenic peridotites generally show a
very complex history and they are often involved in subduction-zone processes.
Additionally they show evidence of partial to full re-equilibration at multiple stages of
their geological evolution. They are often infiltrated and affected a variety of
metasomatic melts and/or fluids that can either be related to a subducting continental
lithorpshere or they may be originated at shallower depths.

For example, the Finero mantle, was affected by a slab-derived silicate melt in
a subduction environment and was metasomatized before its incorporation in the
continental crust (Zanetti et al., 1999 and references therein). According to Tommasi
et al. (2017), Finero experienced a high-T deformation event at around 1050-1080 °C
and 20 kbar but then it also experienced another localized deformation event at lower
temperatures (~750 °C according to Corvo et al., 2020). The use of interstitial,
porphyroclastic and disseminated amphibole along with interstitial, porphryroclastic
and granoblastic clinopyroxene, however, yields far higher temperatures (Figure 4.7).
This may indicate that the formation of amphibole took place at some non-stable point
in the history of Finero. It is also possible that the constantly shifting P-T conditions
Finero experienced (maybe associated with corner flow in a mantle wedge
environment) did not enable the equilibration of amphibole at a unique temperature
and pressure. The higher Tamphcpx values probably represent closure temperatures.
This might be a good indication that the Fe/Mg exchange of amphibole and
clinopyroxene “freezes” at higher temperatures compared to the other thermometric

methods during the exhumation of the peridotite.
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Similarly, peridotites from Ulten show evidence of metasomatism by fluids
derived from a subducted crust that infiltrated the mantle wedge at conditions of
cooling to about ~ 850 °C and elevating pressures (Gudelius et al., 2019 and
references therein). The clinopyroxene-orthopyroxene pairs of Gudelius et al. (2019)
yield an average Tgkoo of 740 °C (at 20kbar) which is somewhat lower than the re-
equilibration event at 850 °C. However, the new amphibole-clinopyroxene
thermometer yields an average value ~885 °C which is closer to that metasomatic

event.

Chen et al. (2017) proposed that multiple episodes of metasomatism have
affected the North Qaidam mantle peridotites at an advanced exhumation stage. The
calculated temperatures for matrix amphibole-clinopyroxene pairs are extremely
scattered and non-consistent and span from 711 to 938 °C. This scatter is conceived as

an indication of disequilibrium.

The granuloblastic texture in lherzolites, dunites and pyroxenites found in
Monte Capio shows the effect of chemical equilibration based on solid-state diffusion
and/or recrystallization (Berno et al., 2020). Tgk9o estimations from Berno et al.
(2020) yield temperatures from 733 to 783 °C, however the cations per formula unit
of pyroxene are not normalized. When normalized cations are used, the obtained
temperatures are from 627 to 816 °C. Berno et al. (2020) have also used the
amphibole thermometer of Putirka (2016) on every sample from Monte Capio,
however this is a formulation that has only been calibrated for igneous systems and
not for ultramafic systems in which solid-state diffusion and re-equilibration plays an
important role. On the other hand, amphibole-clinopyroxene temperatures based on
granoblastic grains are showing a range from 841 to 963 °C. These slightly higher
values may be associated with the higher closure temperatures of the amphibole-
clinopyroxene thermometer that were achieved during the exhumation of the

peridotite.

Finally, there are multiple localities in which detailed textural data are not
available in the literature or that amphibole-clinopyroxene pairs that belong to the
same textural group do not coexist in the same sample (e.g. Nové Dvory, Su-Lu,
WGR, Balmuccia and Sulawesi). It is observed that the calculated Tamph/cpx are
generally much higher than two-pyroxene thermometry but the interpretation of them
is extremely difficult because of the very complex evolution of the Alpine-type,

orogenic peridotites.
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4.3.3 Continental-arc xenoliths

Amphibole-clinopyroxene pairs from xenoliths in continental arcs are
generally showing signs of chemical equilibration. Xenoliths in volcanic arcs are
extremely rare. But additionally to that, pargasitic amphibole in continental rift
xenoliths is also not a very commonly found phase. Therefore, there are much fewer
localities for the use of the amphibole-clinopyroxene thermometer compared to the
previously investigated geotectonic settings. Amphiboles found in xenoliths from the
American Cordillera (Deadman Lake, Dish Hill, Kilbourne Hole, San Carlos,
Lighting Peak) are all in both textural equilibrium and, based on the new
thermometer, chemical equilibrium with the primary mantle phases (Figure 4.8). The

same can be said for the Avacha and the Gobernador Gregores xenolithic localities.
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Figure 4.8: Tamph/cpx VS Trkoo for ultramafic xenoliths in continental arcs around the globe. -Avacha
Volcano (Kamchatka): Ishimaru et al., 2007; Ionov, 2010; Bénard & Ionov, 2013 -Kharchinsky
Volcano (Kamchatka): Siegrist et al., 2019 -Deadman Lake (California): Wilshire, 1988 -Dish Hill
(California): Wilshire, 1988; McGuire et al., 1991; Hunt & Lamb, 2019; -Kilbourne Hole (New
Mexico): Hunt & Lamb, 2019; -San Carlos (Arizona): Frey & Prinz, 1978; -Lightning Peak (Canada):
Brearley & Scarfe, 1984; -El Pefion (Mexico): Blatter & Carmichael, 1998; -Chihuahua (Mexico):
Nimz et al., 1986; -Gobernador Gregores (Patagonia): Laurora et al., 2001; Ichinomegata crater
(Japan): Takahashi, 1980
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Ionov (2010) based on the values of Mg# of the coexisting clinopyroxene and
amphibole supported that the two minerals have achieved chemical equilibration with
each other. The author avoided using the two-pyroxene thermometer of Brey &
Kohler (1990) as clinopyroxene in Avacha is a late-stage mineral and it could not be
fully equilibrated with coarse-grained orthopyroxene. Although, the CaO content in
orthopyroxene and the textural association between clinopyroxene and orthopyroxene
is proving the opposite. Instead, Ionov (2010), assuming a pressure of 15 kbar, used
the Ballhaus et al. (1991) olivine-orthopyroxene-spinel thermometer which yielded
temperatures from 895 to 993 °C and the Ca-in-orthopyroxene thermometer of Brey
& Kohler (1990) which gave values from 907 to 997 °C. According to the present
study, the two-pyroxene thermometer of Brey & Kohler (1990) gives temperatures
from 807 to 988 °C which is in total agreement with the rest of the thermometric
calculations. Moreover, the amphibole-clinopyroxene thermometer yields values from
843 to 928 °C when using grains in textural equilibrium. By this point, it is clear that
all of the thermometric methods that have been adopted agree. This, along with the
geochemical data of Ionov (2010) is strong evidence for the equilibration of
amphibole in the Avacha sub-continental lithospheric mantle. The new thermometer
was also applied to amphibole-clinopyroxene pairs that were found as some

intergrowths. The observed temperature was also consistent with the rest (~880 °C).

Similarly to Avacha, matrix amphibole-clinopyroxene pairs from Dish Hill
and Deadman Lake are giving consistent temperatures in agreement with the rest of
the applicable thermometers. Whenever the majority of available thermometers yield
the same temperatures for a locality, it is expected that there is a great degree of
equilibrium between the constituent minerals. Equilibrium is also highly expected for
amphibole in Kilbourne Hole, San Carlos, Lightning Peak and Gobernador Gregores.
However, in the aforementioned localities, there is a lack in numbers of amphibole-

clinopyroxene pairs and therefore safe interpretations cannot be made.

Amphiboles in the Kharchinsky volcano xenoliths are of secondary origin and
they show an interstitial texture. The calculated Tskoo temperatures are ranging from
997 to 1228 °C and Tamphicpx from 795 to 1154 °C with an average of 908 °C when
using protogranular pyroxenes in dunites and granuloblastic pyroxenes in
harzburgites. Siegrist et al. (2019) noted that the mineral phases in Kharchinsky
peridotites are very heterogeneous in terms of composition. Many pyroxene pairs
record unreasonably high temperatures. They attributed these temperatures to the
abnormal Fe-Mg exchange coefficients between the pyroxenes that exceed the
experimental values from the literature. All of the mentioned characteristics here,
along with the very variable amphibole-clinopyroxene temperatures (Figure 4.8) are

strong evidence that the ultramafic xenoliths from Kharchinsky have not equilibrated.
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It is expected that the Kharchinsky xenoliths have been affected by fluid
metasomatism, in situ melting and recrystallization, impregnation of mafic melts
(Siegrist et al., 2019) along with an immediate and quick transport to the surface that

did not enable the equilibration of the minerals at ambient mantle conditions.

Interestingly, the primary mantle phases in xenoliths from Ichinomegata
(Japan) are extremely homogeneous and equilibrium has been achieved, according to
Takahashi (1980), at about 800 °C. However, both the amphibole-clinopyroxene and
the two-pyroxene thermometers yield very inconsistent results (Figure 4.8). The
limited data and the lack of detailed textural descriptions for each analyzed mineral do
not enable for a consistent interpretation of these temperatures. The same applies for

the temperatures calculated for the El Pefion xenoliths.

4.3.4 Oceanic plateaus and core complexes

Abyssal peridotites exposed at slow-spreading mid-oceanic ridges are direct
evidence of the composition and the processes that have taken place in the sub-
oceanic lithospheric mantle. Abyssal peridotites are usually found along the axis of a
mid-oceanic ridge and they are rarely reported from backarc oceanic basins. One
exception involves the Godzilla Megamullion which is interpreted as an exhumed
footwall of an oceanic detachment fault (for more details see Ohara et al. (2003) and
references therein). Harzburgites found in Godzilla Megamullion are extensively
serpentinized and the primary texture, wherever preserved, is porphyroclastic.
Metasomatic amphibole is rarely present is also found as interstitial, smaller grains
between the primary anhydrous minerals. Amphibole in Godzilla Megamullion shows
a compositional variability. It can be found as low-temperature, late-stage hornblende
and tremolite or as pargasite which is not related to a late-stage hydration of the
peridotites. Ohara et al. (2003) supported that pargasite is a product of high-
temperature seawater circulation and not related to melt-mantle interaction or to an
originally metasomatized mantle domain. However, interstitial amphibole and
primary clinopyroxene yield very similar temperatures to two-pyroxene thermometry
(Figure 4.9) indicating equilibration between the minerals. On the other hand, there is
a difference in texture between them. This implies that amphibole equilibrated in
terms of chemical composition but did not recrystallize. This scenario is very similar

to the one discussed about Nograd Gomor in a previous section.
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Figure 4.9: Tamph/cpx VS Tikoo calculated for oceanic plateaus and core complexes around the globe. -
Godzilla Mullion (Parece Vela Basin): Ohara et al., 2003 -Mado Megamullion (Shikoku Basin):
Akizawa et al., 2021; Sen et al., 2022 -Malaita (Solomon Islands): Neal, 1988 -St. Paul (Atlantic
Ocean): Tilley & Long, 1967 -Vema Transform Fault (Atlantic Ocean): Cannat & Seyler, 1995 -IODP
Site UI1309 (Atlantis Massif): Tamura et al., 2008 -Kerguelen Islands (Indian Ocean): Grégoire et al.,
2000.

Amphiboles in the IODP Site U1309 (Atlantis Massif oceanic core complex)
belong to a different textural group compared to the two pyroxenes. They are only
found as inclusions in anhedral spinel while clinopyroxene and orthopyroxene show
protogranular textures. Equilibration is expected based on the calculated temperatures
according to Figure 4.9. Tamura et al. (2008) suggested that the chromian spinels and
the amphibole inclusions is clear evidence of precipitation by the reaction between
melts and the peridotite. Subsequently, Tamura et al. (2014) proved that the inclusions
have been formed by a secondary MORB melt that was entrapped in spinel. Tamura
et al. (2014) have also supported disequilibrium over equilibrium between pargasite
inclusions and the host-rock clinopyroxenes based on trace-element data. Amphibole
inclusions may have had enough time to equilibrate in the mantle. However, it is
difficult to confirm this scenario because of the textural differences and the lack of
direct contact between amphibole and the other primary phases. Therefore the

calculated temperatures in Figure 4.9 may be completely uninterpretable.

Mylonitic amphibole, clinopyroxene and orthopyroxene from a peridotite in

St. Paul show a Tamph/cpx €qual to 922 °C and a Tgkoo equal to 898 °C showing clear
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sings of equilibration. However more data are needed as amphibole has not been
extensively studied in St. Paul. A larger number of matrix amphibole-clinopyroxene
pairs are also needed for peridotites exposed at the Vema Transform Fault which also

indicate equilibrium of amphibole in the mantle peridotites (Figure 4.9).

Amphiboles from the Mado Megamullion, which is very approximate to the
Godzilla Megamullion, are texturally replacing clinopyroxenes (Akizawa et al.,
2021). Both the Tamph/cpx and Tgkoo vary from ~800 to ~1100 °C as shown in Figure
4.9. These values are generally lower compared to the values from Godzilla
Megamullion. The scatter observed in Figure 4.9 along with the textural
disequilibrium between amphibole and clinopyroxene are difficulties that do not
enable a clear interpretation but it is predicted that amphibole has not attained
equilibrium with the primary minerals. Amphiboles in alnoite-hosted xenoliths from
Malaita but also from the Kerguelen Islands display very variable temperatures
(Figure 4.9) based on mineral pairs that belong to different textural groups and

disequilibrium is also highly expected.

4.3.4 Ophiolites

Pargasites in ophiolitic peridotites are extremely rare. Moreover, harzburgites
comprise the biggest volume of mantle rocks of the ophiolitic mantle sections and
therefore clinopyroxene is not always in association with amphibole. It is also
immensely difficult to find amphibole-clinopyroxene pairs that fall in the
compositional range of the calibrant dataset (Table 4.4). Ophiolites are mostly defined
by low-temperature tremolitic amphiboles which are stable at amphibolitic facies
conditions in ultramafic rocks. This is the reason why the amphibole-clinopyroxene
thermometer was only applicable to one ophiolitic locality. This is the highly
deformed and metamorphosed Lizard Ophiolite in England. Thermometry was
conducted on pargasitic amphiboles replacing primary clinopyroxene and
orthopyroxene. An average Tamph/icpx 0f 913 °C was calculated along with a an average
Tgkoo equal to 856 °C. According to Cook (1999) Ti-rich pargasites have been formed
and equilibrated at about 900 to 1000 °C which is in good agreement with the results

of the new amphibole-clinopyroxene thermometer.
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Conclusions

Amphibole, like phlogopite, is a metasomatic mineral that is incorporated into
an ultramafic rock at some point during its geological evolution. For this reason, it is
critical to test whether amphibole has remained at the right P-T-t conditions in order
to re-equilibrate with the primary mantle phases after its initial formation from a melt
or a fluid. This is possible with the use of the newly proposed amphibole-
clinopyroxene Fe-Mg thermometer developed in the present study. It is proposed that
the amphibole-clinopyroxene thermometer should be used in comparison with one (or
multiple) other thermometric methods that is calibrated for ultramafic rocks. If both of
the thermometric methods yield approximately the same temperatures, equilibrium
between amphibole and the primary mantle phases should be considered. If not, then

amphibole has probably not attained equilibrium with the ultramafic rocks.

However, it was shown here that the textures of minerals involved in the
thermometric calculations have an extremely critical role on the final interpretation.
By applying the proposed method on many localities from different geotectonic
settings, two main observations were made: 1) The safest results for interpretation are
those in which amphibole is in textural equilibrium with the rest of the phases that are
involved in the geothermometric methods. For example, matrix or porphyroclastic
amphibole should be used along with matrix or porphyroclastic clinopyroxene,
respectively. In the case of two-pyroxene thermometry being the chosen method for
comparison, then orthopyroxene that belongs to the same textural group must be
involved. When the two geothermometric methods yield similar results, equilibrium is
highly expected. If the two thermometers yield completely unsimilar results then
disequilibrium is the most likely explanation. In such cases, disequilibrium may have
resulted for multiple reasons. For example, in Alpine-type peridotites, the differences
in temperature may be the result of different diffusivities between cations. It was
shown that the amphibole-clinopyroxene thermometer records far higher temperatures
compared to the two-pyroxene thermometer of Brey and Koéhler (1990). This could
mean that the amphibole-clinopyroxene thermometer “freezes” at higher
temperatures. In ultramafic xenoliths, the difference between the two thermometric
methods might be affected by the relative time of the amphibole formation.
Amphiboles that have formed immediately before the transport to the surface may
have not had enough time to equilibrate. A third possibility for disequilibrium in

ultramafic rocks is when they have been affected by magmatic activity and the
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temperature has been raised locally. The local increase in temperature could cause the
redistribution of cations between mineral phases and could cause a partial
reequilibration. This scenario, for example, is expected for ultramafic xenoliths in
Cerro Gordo (Spain); ii) Amphibole and clinopyroxene that belong to completely
different textural groups must be treated very carefully. It may be possible that
amphibole has managed to diffusionally equilibrate with clinopyroxene although
textural equilibrium is not evident. In such cases more geochemical and chronological
data should be obtained. On many occasions this complication may be overpassed. It
is suggested that amphibole-clinopyroxene pairs that show both equilibrium and
disequilibrium textures should be used. If both pairs yield the same temperatures
(which are also comparable to two-pyroxene thermometry) it is possible that
equilibrium has been achieved.
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CHAPTER 5

Novel 3D geochemical discrimination diagrams: A new
method to infer the genesis of amphibole in ultramafic
rocks

Introduction

For at least 40 years geochemical databases on rocks and minerals have been
crucial in the field of petrology but also in geochemistry, geophysics and tectonics.
Igneous and metamorphic phase equilibria, thermobarometric formulations,
thermodynamic modelling, partial melting calculations, statistical analyses and
comparisons are only a few of the applications in which geochemical databases have
been useful. Because of the enormously large amount of data present in geochemical
datasets and also the wide variety of possible applications, they have a collective
impact on the solution of large-scale geological and, more specifically, petrological
problems. PetDB (Lehnert et al., 2000), GEOROC (Schramm et all., 2006). SedDB
(Lehnert et al., 2007), NAVDAT (Carlson et al., 2001), CHRONOS (Cox & Richard,
2005) and LEPR (Hirschmann et al., 2008) are only a few examples of databases that
have been extensively used in the literature throughout the years. Moreover, databases
are also necessary for the development of artificial intelligence models (AI) which
have been of petrological interest in recent years. The amount of data involved in a
petrological dataset can immediately affect the applicability range and quality of the
Al formulation. In the present and final chapter, a new database will be presented that
involves major-element chemical analyses of amphiboles from a wide variety of
natural and experimental rock compositions as well as from the majority of
geotectonic settings. The database is aiming to shed light on the processes that are
involved in the formation of amphibole in ultramafic rocks around the globe. It will
additionally provide information on the nature of the metasomatic agent that was

involved during its crystallization.

5.1 The compiled database

An extensive database has been compiled using published major-element

analyses of amphibole. The database consists of natural amphiboles occurring in
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ultramafic rocks from various geotectonic settings around the globe but also in felsic
to mafic igneous rocks. Moreover, a large number of amphibole analyses from a wide
compositional spectrum of experiments has been included. However, this study will
be focused on amphiboles that are related to ultramafic rocks. A total number of 9501
amphiboles was initially involved in the database. Subsequently, their stoichiometry
was tested by making sure that the sums of cations for each crystallographic site (T,
C, B and A) were within +0.2 a.p.f.u. of the expected value (based on the general
amphibole formula). A total number of 100 amphiboles were found non-
stoichiometric and were excluded. The remaining 9401 amphibole analyses in the
dataset cover a time range in bibliography from 1963 to 2022 with most of them
having been published from 1990 and thereafter. Amphiboles found in natural rocks
define the majority of the database (with a total number of 7953 analyses) whereas

1448 amphiboles have been selected from existing experimental works.
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Figure 5.1: World map showing the localities from which amphiboles in ultramafic rocks have been accumulated for the
database. 1. Victoria Land (Antarctica); 2. Nové Dvory (Czech Republic), Eastern Transylvanian Basin (Romania); 3. West Eifel
(Germany 4. Victoria (Australia); 5. Wilcza Gora (Poland); 6. Ichinomegata (Japan); 7. Avacha, Kharchinsky, Valovayam,
Shiveluch (Russia); 8. El Pefion (Mexico); 9. Lightning Peak (Canada); 10. Malaita, San Jorge (Solomon Islands); 11. Nunivak
(Alaska); 12. Nushan (China); 13. Foster Crater (Antarctica); 14. Marsabit (Kenya) 15. Grand Canyon, San Carlos, Cima, Black
Rock, Vulcan’s Throne (U.S.A.); 16. Dish Hill, Deadman Lake (U.S.A.); 17. Kilbourne Hole, Chino Valley, Coliseum, Cleator,
Soda Springs, Peridot (U.S.A.); 18. Nograd Gomor (Hungary), Szentbekalla (Hungary), Szigliget (Hungary), Little Hungarian
Plain (Hungary, Pohorje (Slovenia); 19. Bartoy (Russia); 20. Vitim (Russia); 21. Spitsbergen (Norway); 22. Shavaryn
(Mongolia); 23. Beni Busera (Morocco); 24. Mado Megamullion, Godzilla Megamullion (Parece Vela Basin); 25. External
Ligurides, Ulten, Finero, Balmuccia, Baldissero, Lanzo, Sesia (Italy), Alpe Arami, Monte Duria, Cima di Gagnone
(Switzerland); 26. Su-Lu, Raobazhai (Tibet); 27. Pripyat rift (Belarus); 28. Mt. Vulture (Italy); 29. Gobernador Gregores, Cerro
del Mojon (Patagonia); 30. Barombi, Nyos (Cameroon); 31.Svartberget (Norway); 32. Friningen (Sweden); 33. Dinapigui, Iraya,
Monglo, Pinatubo, Sabtang (Philippines); 34. Injibara (Ethiopia); 35. Caussou, Lherz (France); 36. Ahaggar (Algeria); 37.
Zabargad (Red Sea); 38. Ataq, Bir Ali (South Arabia); 39. Jagersfontein (South Africa); 40. Vema Transform Fault (Atlantic
Ocean); 41. Atlantis Massif (Atlantic Ocean); 42. West Gneiss Region (Norway); 43. Cerro Gordo (Spain); 44. Hahajima (Izu-
Bonin arc); 45. St. Paul (Atlantic Ocean); 46. Tinaquilo (Venezuela); 47. Semail Ophiolite (Oman); 48. Mariana Trench;
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49.0eyama, Ohsa-yama (Japan); 50. Yungbwa, Purang (Tibet); 51. Kiire, Kizilirmak (Turkey); 52. Lycian Ophiolite (Turkey);
53. Anita (New Zealand); 54. Bismarck (Papua New Guinea); 55. TUBAF (Papua New Guinea); 56. Qaidam (Tibet); 57. La
Palma (Canary Islands); 58. Sierra Nevada (U.S.A.); 59. Chihuahua (Mexico); 60. Hess Deep (Pacific Ocean); 61. Newfoundland
(Canada); 62. Birekte (Russia); 63. Craven Lake (Canada); 64. Jabel El Arab, Shamah (Syria); 65. Kandalaksha, Pechenga
(Russia); 66. Massif Central (France); 67. Kakanui (New Zealand); 68. Qaarsut (Greenland); 69. Damara (Namibia); 70. 15°20’ N
Fracture Zone (Atlantic Ocean); 71. Xigaze (Tibet); 72. Wadi Natash, Hagar Dungash, Sinai, Gerf, Daha (Egypt); 73. Tiebaghi,
Massif du Sud (New Caledonia); 74. Kaapval (South Africa); 75. Kadak, Moffett, Kanaga (Aleutian Arc); 76. Ochi (Greece); 77.
Berit (Turkey); 78.Central Andes (Argentina); 79. Sulawesi (Indonesia); 80. Mt. Albert (Canada); 81. Lizard (United Kingdom); 82.
Mirdita (Albania); 83. Zagros (Iran); 84. Miyamori (Japan)

More specifically, natural amphiboles in lherzolites, harzburgites, dunites,
chromitites, wehrlites, websterites and serpentinites form 40.8 % of the dataset, a
number which is equivalent to 3835 analyses in total (Table 5.1). These ultramafic
rocks are either defined by the spinel or garnet stability field conditions or are igneous
in origin (e.g. chromitites). The amphiboles have been collected from multiple
localities around the globe (Figure 5.1) and represent all of the possible geotectonic
settings where amphibole can possibly exist in ultramafic rocks. The ultramafic part
of the database may be split into two parts: one that involves amphiboles found in

continental settings and one in oceanic settings.

Those that are found in continental settings can further be divided, based on
the geotectonic setting, into amphiboles in Alpine-type peridotites, continental rift-
related settings and continental arcs. An exact number of 416 amphiboles from
Alpine-type peridotites has been derived from bibliography (Table 5.1). The vast
majority of them comes from works conducted on the Italian and Swiss Alps.
However, the database also involves amphiboles in orogenic peridotites from New
Zealand, Morocco, France, Norway, Sweden, the Czech Republic, Slovenia, China,
Venezuela and Indonesia (Figure 5.1) that display similar characteristics to the Alpine
peridotites. Amphiboles in ultramafic xenoliths from continental rift-related systems
are 610 in total (Table 5.1). The vast majority of them has been derived from
localities from Central Europe (e.g. West Eifel). Localities that are currently on an
intra-continental rifting tectonic regime but may have been affected by a subduction
zone in their geological history, are also included in this category (e.g. Eastern
Transylvanian Basin). Localities from the African rifting system have also been
included (e.g. Injibara). Xenolithic amphiboles in continental rifts from Australia
(Victoria), China (Nushan), Russia (Kandalaksha), Antarctica (Foster Crater), Siberia
(Bartoy and Birekte), South Arabia (Ataq and Harrat Hutaymah), Syria (Jabel El
Arab) and Argentina (Central Andes) are also present in the database. Xenolithic
amphiboles from active continental-arc settings comprise two dominant groups. The
first group consists of amphiboles from the American Cordillera (e.g. Dish Hill and

Deadman Lake) and is made of 201 amphibole analyses. The second important group



109

in the database is defined by amphiboles found in ultramafic xenoliths from
Kamchatka (e.g. Avacha) and consists of 195 amphiboles. Several more xenolithic
continental-arc and back-arc localities have also been involved including volcanoes
from the Aleutian arc (e.g. Moffett), the back-arc setting of Patagonia (e.g.
Gobernador Gregores), the Ichinomegata crater in Japan and Kakanui in New
Zealand. Finally, amphiboles in crustal ultramafic rocks are 250 in number and are
exclusively represented by the Pechenga ultramafic rocks (Russia) (Fiorentini et al.,
2008).

Amphiboles in ultramafic rocks from oceanic settings are 376 in total (Table
5.1) and have mainly been derived from core complexes, plateaus and fracture zones
that expose the rocks on the surface. Some of the most important localities involve the
Godzilla and Mado megamullions in the Pacific ocean, the Atlantis Massif, the Vema
Transform Fault and the St. Paul rocks in the Atlantic ocean and finally the Kerguelen
Islands in the Indian ocean. In this category, amphiboles in serpentinites from the
Newfoundland passive margin have also been included. Amphiboles, from oceanic
arcs and back-arcs are 641 in number (Table 5.1) and they are mostly related to
xenoliths trapped in mafic melts. The most crucial localities are found in Papua New
Guinea (e.g. Bismarck and Lihir), Philippines (e.g. Batan and Mt. Pinatubo) and
Solomon islands (e.g. San Jorge). Two small ultramafic masses from Sinai (Egypt)
have also been considered in this category, although they show a complex origin at an
older suprasubduction zone (Maurice et al., 2021). Ophiolitic amphiboles are 589 in
number and the majority of them have been collected from Turkey (e.g. Lycian
Ophiolite), Tibet (e.g. Yungbwa), Egypt (e.g. Gerf), Albania (Mirdita), New
Caledonia and England (Lizard). Several more localities have been included such as
Mt. Kalnik in Croatia, Ochi ophiolite in Greece and finally Oeyama and Ohsa-yama
in Japan. We considered ophiolitic chromitites as a separate category in this study so
as to separately investigate the formation of amphibole in these rocks. Amphiboles in
ophiolitic chromitites are 219 in total and have been found in multiple localities from
South Arabia (Al Ays complex), Turkey (Lycian Ophiolite) to New Caledonia
(Tiebaghi and Massif du Sud), Albania (Mirdita), Oman (Semail), Japan (Miyamori)
and Iran (Neyriz and Zagros). Amphiboles in dunites from the Semail ophiolite (248
in number) have also been considered as a separate category to reduce their influence

on the interpretation of ophiolitic harzburgites.

Table 5.1: Table presenting the number of amphiboles in each geotectonic setting and type of rock
involved in the database.

Category Number of amphiboles

Natural ultramafic rocks
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Continental rift 573
Continental arc 523
Alpine-type 416
Crustal Ultramafics 250
Oceanic core complexes and plateaus 376
Oceanic arc 641
Ophiolite 589
Ophiolitic Chromitite 219
Semail Dunite 248
Natural mafic to felsic rocks
Basalt 153
Gabbro 410
Dacite 816
Andesite-Diorite 993
Hornblendite 97
Monzonite 36
Dolerite 15
Rhyolite 958
Lamprophyre 33
Basanite 25
Kimberlite 478
Eclogite 105
Experimental database
Peridotite 117
Basalt 410
Gabbro 50
Dacite 309
Andesite-Diorite 341
Dunite 12
Tonalite 52
Phonolite 9
Trachyte 16
Rhyolite 16
Carbonatite 3
Granite 26
Lamproite 5
Pyroxenite 9
Basanite 73

The constructed database in this study also involves natural amphiboles in
mafic to felsic rocks that have been previously studied (4119 in number). While the
majority of them are of igneous origin, 105 amphiboles in eclogites have also been
involved. Similarly to ultramafic rocks, the amphiboles in mafic to felsic rocks have
been accumulated from multiple regions around the globe. For example natural
amphiboles in basalts have been acquired from studies in Italy (Etna), the Mariana
Trench and Germany (Rhon) and amphiboles from natural andesites to basaltic-
andesites have been derived from China (Awulale), Russia (Bezymianny), the
Carpathian-Pannonian region, Tibet (Comei), Indonesia (Mt. Merapi), Japan
(Shikanoshima), Russia (Shiveluch) and Peru (Yanacocha).

In a similar manner, amphiboles from a wide spectrum of experiments

spanning from ultramafic to felsic compositions have been incorporated in the
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database (1448 in number). LEPR has been considered here (Hirschmann et al., 2008)
but was updated to involve new experimental works from 2009 and thereafter.
Amphiboles from experimental ultramafic compositions are identical to the ones used
in Chapter 4 for the calibration of the thermometer. However, disequilibrium
amphiboles (e.g. Shaw, 2009) have also been involved. Amphiboles formed from all
of the possible experimental techniques have been included in the database. These
techniques involve experiments using fused, homogeneous glasses as starting
materials brought in sub-liquidus conditions so that new phases can crystallize (e.g.
Adam & Green, 1994; Pichavant et al., 2002; Costa et al., 2004; Holtz et al., 2005;
Feig et al., 2006; Irving & Green, 2008; Bonechi et al. 2020). Moreover, experiments
in which starting materials were exposed to super-liquidus conditions and then were
cooled down to the desired sub-liquidus equilibrium temperatures have also been
considered (crystallization experiments) (e.g. Klein et al., 1997; Cannao et al., 2022).
There is also experimental work in which the sub-solidus behavior of the starting
materials has been explored (e.g. Ernst & Liu, 1998; Forneris & Holloway, 2003).
These studies were aiming to investigate the metamorphic evolution of metabasalts or
other rock types and the relevant phase transformations. Finally, experiments
involving interactions between two starting materials (such as peridotite and basaltic
melt) have also been considered (e.g. Wang et al., 2021). The compositions of the

experiments used in the present study are shown in Table 5.1.

5.2 Classification and geochemical characteristics of amphiboles
in the database

5.2.1 Distribution of amphibole species between geotectonic settings

Similarly to previous chapters, the classification of amphiboles in the
database was performed by applying the nomenclature of Hawthorne et al. (2012) and
the Microsoft excel spreadsheet of Locock (2014). As discussed in Chapter 4, Fe* in
amphibole cannot be precisely estimated with empirical calculation methods.
Moreover, the calibration of the amphibole-clinopyroxene thermometer did not
require the derivation of Fe' as this problem was treated in a different manner.
However, in the statistical analysis of the present chapter, Fe" is needed for the
inference of the amphibole species and formula. The Fe®™ content was calculated by
constraining the sum of a set of cations to a particular value and assuming
electroneutrality (Hawthorne et al., 2012; Locock, 2014). Nevertheless, the Fe™

values will only be considered as indicative. Finally, whenever TiO, exceeded 4.5 wt



112

%, the (OH, F, Cl) = 2 -2Ti estimation was considered to enable the classification of

kaersutitic amphiboles.

Calcic amphiboles (pargasite, Mg-hornblende, hastingsite, tschermakite,
edenite, tremolite, actinolite and sadanagaite) form the most dominant group in
ultramafic rocks from every geotectonic setting around the globe (Figure 5.2).
Moreover they are the most widespread type of amphibole in mafic to felsic rocks of
experimental or natural origin. As is evident from Figure 5.2, pargasite (n = 2806) and
Mg-hornblende (n = 2738) represent 60 % of the total number of amphiboles in the
database. Hastingsite is the third most common composition in the database with a
total number of 1337 analyses. Tremolite, sadanagaite, actinolite form minor groups

but they seem to be important at several geotectonic settings.

Pargasite is the most abundant calcic amphibole in ultramafic rocks from
continental rift-related settings, continental arcs and Alpine-type peridotites (Figure
5.2). However, a small number of Mg-hornblendes, hastingsites an sadanagaites are
also observed in all of the aforementioned settings. Tremolitic and actinolitic
amphiboles completely lack from any of the continental settings except from a few
Alpine-type localities (West Gneiss Region, Pohorje, Anita, Cima di Gagnone).
Another interesting observation is that amphiboles from continental rift-related
settings do not show any signs of Mg-hornblende, with the exception of Zabargad
island. A small amount of sadanagaites in rift-related settings is also found in Grand
Canyon and Injibara whereas in continental arcs they are observed in localities from
the American Cordillera (e.g. Deadman Lake, Dish Hill, La Olivina, San Carlos and
Toroweap). Hastingsite in continental settings is more common in continental arcs.
Adak Island, Ichinomegata and Kharchinsky ultramafic xenoliths show large

concentrations of hastingsites.

Ophiolites are dominated by the existence of Mg-hornblende, tremolite and
actinolite. These end-member compositions are all found in almost every ophiolitic
locality. Although pargasite is not a regular mineral in ophiolitic rocks, it seems to
have an important role in ultramafic rocks from Lizard, Kure, the Gerf, Lycian and
the New Caledonian ophiolites. Minor numbers of hastingsites have also been
observed in the Lizard complex but also in Mirdita and in the Purang dunitic rocks.
Interestingly, amphiboles in the Semail dunites are exclusively pargasitic.
Amphiboles in ophiolitic chromitites are primarily tremolitic in origin but there is also
an important number of pargasites. Amphiboles from oceanic arcs are mainly
tremolites and Mg-hornblendes. A few pargasites are found in a wide variety of
localities from Philippines and Papua New Guinea and 8 fine-grained edenites have

been located in TUBAF (Papua New Guinea). In contrast to ophiolites and oceanic
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arcs, ultramafic rocks from oceanic plateaus and core complexes show a significant
content in pargasites. Only a minor amount of Mg-hornblendes, tremolites and
actinolites are present in a few oceanic plateaus. Two ultramafic bodies from Sinai

(Egypt) seem to contain important amounts of anthophyllite as well as tremolite.

The oxo-amphibole group is entirely represented by kaersutite which forms a
relatively large fraction of the database (n = 547). Kaersutites seem to be associated to
continental rather than oceanic settings. Kaersutite in Alpine-type peridotites has only
been observed in the External Ligurides Ophiolite (Ferrari et al., 2022). In continental
rift-related settings kaersutite is present in multiple localities from Victoria Land
(Antarctica) to Zabargad in the Red Sea and Marsabit in Kenya. On the other hand,
localities from continental arcs that show crucial amounts of kaersutite are located in
the American Cordillera (e.g. Deadman Lake, Black Rock Summit, Black Canyon,
Lunar Craters) but also in Kakanui (New Zealand). A very small number of
kaersutites in ophiolitic ultramafic rocks are located at the Lizard complex in England
and at the Ochi ophiolite in Greece. Finally, the crustal ultramafic rocks from

Pechenga (Russia) are almost entirely represented by kaersutite.

Multiple end-member compositions of the sodium-calcium group have been
observed (e.g. winchite, barroisite, katophorite, taramite), although in insignificant
numbers. A few katophoritic grains have been collected from Marsabit, Kaapvaal,
Jagersfontein, Shamah, Birekte, Teria and Jabel El Arab. Richterite is generally
associated with kimberlitic rocks or deep-seated ultramafic xenoliths in kimberlites

(e.g. Kaapval) (Figure 5.2).

Experimental amphiboles in dacitic, andesitic and basaltic compositions are
also dominated by the presence of pargasite. However, hastingsite, sadanagaite, Mg-
hornblende and kaersutite have been formed on many occasions. Tremolite is absent
in the experimental dacites, andesites and basalts. Finally, glaucophane and barroisite
in experimental basalts are only present in sub-solidus experiments (e.g. Forneris &
Holloway, 2003).



114

Winchite - [ ]
Tschermakite - | Il
Tremoiite- [N
Taramite - I
Sadanagaite - II
Rootname 9-
Rootname 10- |
Riebeckite -
Richterite -
Pargasite -
Nybpgite -
Katophorite -
Kaersutite -

Hornblende- P I ] eI Imn
Hastingsite - | N i
Grunerite -
Glaucophane - |
Edenite- I
Cummingtonite - I
Cannilloite -
Barroisite - |
Arfvedsonite - |
Anthophyliite - |
Actinolite - - _

o 1000 2000 3000

Amphibole

NUMBER OF AMPHIBOLES

Continental rift (n=610) [l Ophiolitic Chromitite (n=219) M Experimental Trachyte (n=16) [l Natural Andesite-Diorite (n=993) [l Natural Lamprophyre (n=33)
. Continental Arc (n=486) . Experimental Peridotite (n=117) . Experimental Rhyolite (n=16) [l Natural Basalt (n=153) B Natural Basanite (n=25)
. Crustal Ultramafics (Rift-Related) (n=250) Experimental Dacite (n=309) B Experimental Carbonatite (n=3) Natural Dacite (n=816) . Natural Kimberlite (n=478)
| Oceanic (n=376) B Experimental Basalt (n=410) I Experimental Granite (n=26) [ Natural Gabbro (n=410) B Natural Eclogite (n=105)
I Alpine-type (n=416) B Experimental Andesite-Diorite (n=341) [l Experimental Basanite (n=73) ! Natural Hornblendite (n=97)
B Oceanic Arc (n=641) Experimental Dunite (n=12) [ Experimental Gabbro (n=50) [ Natural Monzonite (n=36)
I Ophiolite (n=589) . Experimental Tonalite (n=52) [ Experimental Lamproite (n=5) Natural Dolerite (n=15)

Semail Dunite (n=248) B Experimental Phonolite (n=9) B Experimental Pyroxenite (n=9) [l Natural Rhyolite (n=958)

Figure 5.2: Bar plot demonstrating the distribution of each amphibole species between geotectonic settings. Amphibole prefixes have been avoided for simplification

reasons.



5.2.2 The (Al + Fe3 +2Ti) vs “(Na + K + 2Ca) classification diagrams

The previously discussed amphiboles from the compiled dataset were plotted
in the classification diagrams of Hawthorne et al. (2012) (Figure 5.3). These may be
useful to detect the chemical differences between amphiboles from each geotectonic
setting. For example, Figure 5.3a shows that pargasitic amphiboles from continental
rift-related xenoliths are systematically plotted at the top-most part of the pargasite
compositional field. This is in great contrast with the amphiboles from Alpine-type
peridotites and continental arcs. The vast majority of the latter are plotted at the
bottom part of the pargasitic field with a large number of them also falling in the Mg-
hornblende field. The exact reason why this difference occurs will be discussed
shortly.

In Figure 5.3b, amphiboles from different oceanic settings are compared.
Those that originate from oceanic plateaus and core complexes are mostly plotted in
the pargasitic field compared to amphiboles from ophiolites and oceanic arcs which
are mostly defined by the tremolitic and Mg-hornblenditic fields. Amphiboles from
the Semail dunites are systematically plotted at the top part of the pargasitic field
showing completely different and unique characteristics compared to the rest of the
oceanic amphiboles. Moreover, several trends are observed in amphiboles from

oceanic and ophiolitic settings that extend from tremolite to Mg-hornblende.

Three different generations of amphibole exist in ophiolitic chromitites. The
first one is concentrated at the bottom left corner of the tremolitic field, almost
resembling the end-member composition. Another generation of amphiboles is
pargasitic in composition and the third one is located within the edenite compositional
field.

Amphiboles in experimental peridotitic compositions are clearly plotted in the
middle of the pargasitic field but a few Mg-hornblendes also exist (Figure 5.3c).
Although amphiboles in experimental basalts and andesites are predominantly plotted
in the pargasite field, they show a general tendency to higher (Al + Fe** +2Ti) values
compared to natural amphiboles but also to amphiboles from experimental peridotitic

compositions.
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Figure 5.3: The (Al + Fe" +2Ti) vs 4(Na + K + 2Ca) classification diagram proposed by Hawthorne et
al. (2012) applied to natural and experimental amphiboles from the database. a. Continental Settings b.
Oceanic Settings d. Experimentally-produced amphiboles in peridotitic, basaltic and andesitic
compositions. The labels of each field are only applicable for the classification of the calcic amphibole

group. However, amphiboles from other compositional groups can be plotted in this diagram as well.



5.2.3 Major-element differences

Figure 5.4a shows that the, previously mentioned, difference in composition
between amphiboles in continental rifts and other continental settings is the result of
increased Na in the crystallographic site A. In Chapter 4, it was shown that Na in
amphibole is greatly increasing with increasing pressure. This could possibly indicate
that the amphiboles in continental rifts systematically form at greater depths.
Increased Na content in site A was also observed for amphiboles in Alpine-type
peridotites from North Qaidam (Tibet), Su-Lu (China), Tinaquillo (Venzuela) and the
External Ligurides Ophiolite (Italy). In continental arcs, amphiboles with significant
amount of Na in site A are found in Nunivak (Alaska), Kakanui (New Zealand) and
Dish Hill (U.S.A.). Interestingly, the highest Na in site A is contained in amphiboles
from the Semail dunites which are found as inclusions in chromite but based on
Rospabé et al. (2020), the pargasitic amphiboles in Semail are clearly of magmatic
origin. Figure 5.4a additionally demonstrates that amphiboles from continental
settings and oceanic arcs generally show variable amounts of K whereas amphiboles
from oceanic plateaus, core complexes and ophiolites (including ophiolitic chromitites

and Semail dunites) are almost absent of K.

In terms of total Mg and Fe*? (Figure 5.4b) there is no significant distinction
between geotectonic settings. Anthophyllites from Sinai and other oceanic localities
stand out because of their high Mg content. To the contrary, a very low Mg content in
amphibole (2-3 a.p.f.u.) has been observed in megacrysts collected by King et al.
(1999). The megacrysts have been sampled from multiple localities in the American
Cordillera (Lunar Crater, Peridot, Soda Springs, Hopi Buttes and Cleator) and are
kaersutitic in composition (Ti-rich). This increase of Ti and large decrease in Mg
could be associated with mainly two substituions (“Ti™* + 2TAl & ¢Mg + 2TSi or
CTi* +2V0? & CMg + 2WOH) that have previously been discussed by Hawthorne et
al. (2012). When amphiboles from all geotectonic settings are considered together, a
very profound trend is visible between total Mg and Fe*? in which the increase in Mg,
imposes a decrease in Fe™. This trend is also thought to result from a substitution
between Fe*? and Mg. Amphiboles in ophiolitic chromitites are generally showing the

highest values of Mg and the lowest values of Fe*?.

Fe® does not indicate any major dissimilarities in amphiboles between
geotectonic settings (Figure 5.4¢). It has only been observed that the amphiboles from
the Semail dunite are almost devoid of Fe™. On the other hand, Ti is generally
extremely low in amphiboles related to ophiolitic rocks (harzburgites and chromitites)

but also in oceanic arcs. Amphiboles from continental settings but also oceanic



plateaus and core complexes show variable amounts of Ti spanning from 0.1 to 0.45

atoms per formula unit. These findings will be discussed thoroughly in the following

section.
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Figure 5.4: Major-element variations in amphiboles from the natural, ultramafic database. The cations
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The total Al vs total Cr diagram displays several important characteristics
(Figure 5.4d). Tremolites in ophiolitic chromitites are Cr-poor whereas pargasites in
ophiolitic chromitites form some of the most Cr-rich amphiboles among every

geotectonic setting (0.3 to 0.5 a.p.f.u.). The implications of these characteristics will



also be discussed shortly. The total amount of Al in amphiboles of continental settings
seems to range from 2.1 to 2.6 a.p.f.u. whereas amphiboles from oceanic settings are
showing more variable and far lower total Al content, ranging from 0 to 2.1 a.p.f.u..
Several positive trends, between Al and Cr, can also be observed for amphiboles from

oceanic arcs and ophiolites.

5.3 Novel 3D geochemical diagrams

5.3.1 The rationale

The texture of amphibole is generally helpful to understand the processes of its
formation. For example, amphiboles that are growing at the expense of pyroxenes are
indisputable evidence of pyroxene hydration and reaction with a melt or fluid.
However, on many occasions textural evidence is not enough on its own. For
example, it is difficult to predict how a matrix amphibole, in an ultramafic rock, was
initially formed. This is because matrix amphiboles have experienced recrystallization
and reequilibration processes and their original signatures have been lost. For this
reason, additional techniques have been developed to predict the nature of the
metasomatic agent and the process that led to the formation of amphibole. One of the
most well-established techniques involves using the trace-element compositions of the
constituent minerals. For example, Powell et al. (2004) conclude that amphiboles in
Victoria are related to a silicate-rich or a carbonatitic fluid by investigating the REE
and HFSE content of amphibole, clinopyroxene and the bulk-rock composition.
Similarly, in the Eastern Transylvanian Basin two metasomatic agents have been
detected based on the trace-element compositions of xenolithic minerals (Faccini et
al., 2020). However, the trace-element data can also be complicated to interpret or

hard to acquire.

In this chapter, a series of major-element proxies are proposed aiming at the
discrimination between different formation processes and tectonic settings. The first
proxy is the Cr content in amphibole, measured in atoms per formula unit, and is
aiming to predict the influence of the mantle source. It is generally accepted that the
mantle is rich in Cr which is mostly hosted in the primary mantle phases such as
spinel and pyroxene. On the other hand melts and fluids are almost entirely depleted
in Cr. Based on the work of Kostopoulos (1989), basaltic lavas in oceanic settings
could contain 100 ppm of Cr on average. According to Tiepolo et al. (2007) the
partitioning coefficient of Cr, between amphibole and a silicate melt (A™"Dc;),

ranges from 3.56 to 53. For the purposes of the present study, an average ~™"'Dc,



value of 10 was assumed. Therefore, an amphibole crystallizing from a silicate melt
could contain up to 1000 ppm of Cr. This equals to 0.1 wt% of Cr.O3, an amount
which is hardly even detectable during routine microprobe techniques. This behaviour
is also illustrated in Figure 5.5. Notice that amphiboles in rocks of dacitic, andesitic
and basaltic composition are almost devoid of Cr in their crystal structure. In fact, the
average content of Cr20O3 is exactly 0.1 wt% and the median is 0.02 wt% for the
amphiboles depicted in Figure 5.5. As a consequence, amphiboles that are found in
ultramafic rocks and are Cr-rich are only expected to have acquired their Cr from the
primary mantle phases such as mantle spinel, clinopyroxene and orthopyroxene but
not from melts. Therefore, Cr can be used as a proxy to detect the interaction of a melt

or a fluid with an ultramafic primary phase leading to the formation of amphibole.

Experimental Dacite (n=309)
e Experimental Andesite-Diorite (n=341)
¢ Experimental Basalt (n=410)
Natural Dacite (n=816)
0.9- = Natural Andesite-Diorite (n=993)
= Natural Basalt (n=153)

.

2 06-
Q
(]
~— n
i | ]
= s
N, " - .
LN ] s
L ]
0.3 .’
[ ]
¥ .0
] ..-. — : .. L2 . | [
E..- . "‘O LY
0.0- h"ﬁ‘l LTl Rl TR L
0.000 0.025 0.050 0.075 0.100

Cr (a.p.f.u.)

Figure 5.5: Total Cr vs total Ti for amphiboles present in mafic to felsic natural rocks and experimental

runs.

The second proxy assumed here is the total Ti content in amphibole. This
proxy is going to be used to distinguish a melt from a fluid. According to Audétat &
Keppler (2005) and Adam et al. (2014) , at relatively low P-T conditions, aqueous
fluids do not have the capacity to transport incompatible elements such as Ti. In
contrast, silicate melts show a much more important ability to do so. For example, it

was shown that at a temperature of 1050 °C and a pressure of 1.0 GPa, the Td/melDy;



value is equal to ~0.05. This means that a silicate melt can carry significant amounts
of Ti compared to a H>O-fluid at these P-T conditions. As temperature and pressure
increase, the Ti partition coefficient between a fluid and a melt increases. For
instance, At 1200 °C and 2.0 GPa, the partition coefficient has increased to 0.2.
However, even at these high P-T conditions, the silicate melt can transport more Ti

compared to an H>O-fluid.

Average TiO> contents for andesitic and basaltic melts were calculated using
the GEOROC databases (https://georoc.eu/, downloaded on the 1% of November,

2022). An average of 1.95 wt% TiO, was measured for natural basaltic melts. This

value is in concordance with the work of Gale et al. (2013) who calculated the mean
composition of ocean ridge basalts. A value of 0.90 wt% TiO: for andesitic melts was
also acquired from GEOROC. According to Tiepolo et al. (2007), the average
AmPVLDy1: s equal to 3.1. This value is also in agreement with the ones estimated by
Pearce & Norry (1979). However, based on the previous works, it must be noted that
the Ti partition coefficient can vary a lot depending on the amphibole and melt
composition. For simplification reasons, however, the previous value has been
chosen. Therefore, amphiboles crystallizing from basaltic melts could contain up to 6
wt% TiO; whereas those from andesitic melts could contain up to 2.79 wt% TiOx.
These calculations show that amphiboles related to melts are expected to be Ti-rich.
On the other hand peridotitic compositions are extremely depleted in Ti. For example,
based on the GEOROC database, the average value of TiO; in lherzolites is 0.14 wt%.
All of the previously mentioned points lead to the conclusion that Ti can be used as a

proxy for silicate melts.

The alkali content in ultramafic rocks, melts and fluids is generally variable
and can be affected by multiple natural processes. Adam et al. (2014) showed that, in
contrast to Ti, alkalis can easily be transported by H>O-rich fluids. Their data also
agree with findings from earlier works (Pearce & Norry, 1979; Adam et al., 1997,
Ayers et al., 1997). Therefore, amphiboles that are Cr-rich and Ti-poor and contain
variable amounts of alkalis (Na + K) are expected to have formed from alkali-rich,
hydrous fluids.

Based on the aforementioned criteria, several different types of amphiboles
can be distinguished: a) Those that are Ti-rich, Cr-poor and contain variable amounts
of alkalis have been directly precipitated from melts (7ype-I) b) Amphiboles that are
Ti-rich, Cr-rich and contain variable amounts of alkalis are reactive amphiboles that
have resulted from the interaction of melts with primary mantle phases (7ype-II) c)
Ti-poor, Cr-rich and alkali-rich amphiboles have originated from the reaction between

a fluid and the primary mantle phases (7ype-III) d) Amphiboles that contain neither


https://georoc.eu/

Ti, Cr nor alkalis have most likely precipitated from shallow hydrothermal fluids
(Type-1V) (Manning & Frezzotti, 2020).

5.3.2 Ti vs Cr vs (Na + K) three-dimensional diagrams

5.3.2.1 Continental-rift related settings

The previously described proxies were used as the key parameters of three-
dimensional Ti vs Cr vs (Na + K) diagrams. The diagrams may be used to infer the
processes of amphibole formation and also the nature and the composition of the
metasomatic agent that was involved. For these diagrams, any amphiboles from
ultramafic rocks in which Cr was not initially analyzed, were excluded. On the other

hand, amphiboles in which the Cr content was not detectable from routine microprobe
techniques were set to contain no Cr.
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Figure 5.6: Ti vs Cr vs (Na + K) diagram demonstrating the different origins of amphibole in
continental rift-related settings. Type-I amphiboles have been directly precipitated from silicate-melts.
Type-1I amphiboles are the result of interaction between a silicate melt and primary mantle phases (e.g.
clinopyroxene and spinel). Type-III amphiboles have formed by the reaction of fluids with the primary

mantle phases. See main text for more details.



Experimental amphiboles from the database are Cr-poor and contain variable
amounts of Ti and alkalis (Figure 5.6). Therefore, they are plotted at the bottom of the
three-dimensional diagram. A large number of amphiboles in ultramafic xenoliths
from continental rifts are also devoid of Cr but contain reasonable amounts of Ti and
alkalis (Figure 5.6). These amphiboles are mainly matrix pargasites and according to
the rationale presented earlier, they seem to have directly precipitated from silicate-
melts (Type-I). Notice that they are compositionally very similar to experimental
amphiboles from basalts and basanites and not dacites or andesites. This is a strong
indication that they have directly crystallized from intra-plate melts of basaltic
composition. In fact, according to Figure 5.7, the most possible melt composition is
alkali-basaltic and basanitic. It was additionally noted that the majority of kaersutitic
amphiboles are generally formed due to direct crystallization from alkali-basaltic
melts (Type-I). This behavior has been previously observed in the literature. For
example, Tatsumoto et al. (1992) supported the close relation of alkali-basalts and

kaersutites from multiple localities in China.
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Figure 5.7: In this diagram experimental amphiboles from basalts of different alkalinity have been

plotted along with amphiboles from continental rifts and experimental andesites.

Type-II amphiboles are plotted directly “above” Type-I, in the three-
dimensional space, because of their higher Cr content (Figure 5.6). These amphiboles

are thought to be the result of interaction between alkali-basaltic or basanitic melts



and primary mantle phases such as clinopyroxene, orthopyroxene and spinel. Matrix,
interstitial or replacive textures are the most common in this group. Type-III
amphiboles in continental rift-related settings comprise a smaller group and they are
expected to have formed from fluids reacting with primary mantle phases.
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Figure 5.8: The discrimination of amphiboles in a few selected localities from rift-related settings (see

text for more details).

The results from the new three-dimensional diagrams largely agree with
previous studies. A few demonstrative examples from important localities are
presented here. According to Figure 5.8, amphiboles from the Eastern Transylvanian
Basin have formed from basaltic melts reacting with clinopyroxene (Type-II). This is
in great agreement with the findings of Faccini et al. (2020). Similarly, Liptai et al.
(2017) attributed the formation of amphibole from Nograd Gomdr to basaltic melts
related to decompressional melting. The rationale presented here, confirms this
hypothesis but it additionally shows that the amphiboles are the result of basalt
interaction with primary mantle phases. Two generations of amphibole have been
identified in Kandalaksha (Russia). The first generation is Ti-poor and belongs to

Type-III and the second one is Ti-rich and belongs to Type-II. These findings agree



with Beard et al. (2007) who also anticipated the effect of two metasomatic events. A
large number of amphiboles from Zabargad belong to the Type-III group, having been
formed from a fluid reacting with peridotites. These results are in total concordance
with Piccardo et al. (1988) and Agrinier et al. (1993) who supported that pargasite in
Zabargad has formed from H>O-rich fluids. However, Type-II amphiboles also exist
in Zabargad. Amphiboles from Marsabit were thought to have originated from the
replacement of clinopyroxene (Kaeser et al. 2007). Marsabit amphiboles belong to
Type-II and Type-III. It is therefore expected that two different metasomatic agents (a
basaltic melt and a hydrous fluid) have reacted with clinopyroxenes during different
metasomatic events. In West Eifel amphiboles are mostly defined as Type-II and
Type-III and are related to basaltic melts. However, five pargasitic grains seem to
belong to Type-I. These results agree with the work of Shaw et al. (2005) and that of
Witt-Eickschen & Hart (1994).

5.3.2.2 Continental arcs

Amphiboles from continental arcs indicate the influence of more differentiated
melts. This is evident from Figure 5.9 as the majority of amphiboles are similar, in
terms of Ti and alkalis, to amphiboles from dacites and andesites. This is especially
true for amphiboles that originate from localities in Kamchatka. On the other hand,
amphiboles from the American Cordillera contain higher amounts of alkalis, making
them similar to those from basaltic compositions. This geotectonic setting is also

defined by Type-L-II and -IIT amphiboles similarly to continental rifts.

Amphiboles from Avacha (Kamchatka) are exclusively Type-III
interstitial Mg-hornblendes and pargasites, that according to Figure 5.9, have formed
when hydrous fluids reacted with primary mantle phases. lonov (2010) showed that
tectonic activity shortly before the transport of the Avacha xenoliths to the surface
induced fracturing and recrystallization. This tectonic activity enabled the infiltration
of hydrous fluids and the precipitation of amphibole. Therefore, the results of Ionov
(2010) closely resemble those of the present study. The fluids in Avacha are expected
to own a subduction-zone origin and be silicate- and alkali-rich (Manning & Frezzotti,
2020). According to Shu et al. (2022) they are most likely deriving from the

progressive dehydration of serpentine, lawsonite and phengite.
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Figure 5.9: Ti vs Cr vs (Na + K) diagram demonstrating the different origins of amphibole in
ultramafic rocks from continental arcs.

Amphiboles from the American Cordillera are found in mantle xenoliths that
have been divided into the Al-augite group and the Cr-diopside group (Wilshire &
Shervais, 1975). Matrix and replacive pargasites from Dish Hill (U.S.A.) belong to
Type-II and are clearly magmatic in origin. Type-I amphiboles in Dish Hill are solely
kaersutites (more than 0.5 Ti atoms per formula unit). Based on their alkalinity, both
Type-I and Type-II amphiboles from Dish Hill are probably related to basalts. Our
results agree with McGuire et al. (1991) and Wilshire et al. (1988). Amphiboles from
Deadman Lake are identical to those from Dish Hill. Pargasites have formed from the
interaction of basaltic melts with pyroxenes whereas kaersutites are direct precipitates
from basalts.

The majority of localities in continental arcs around the globe seem to be
related with calc-alkaline activity and more precisely with andesitic or dacitic
magmatic activity. However, this is not true for amphiboles in localities from the
American Cordillera (e.g. the previously mentioned Dish Hill and Deadman Lake)
which they seem be affected by basaltic melts of medium to high-alkalinity. These
results are confirmed by the work of Ben Othman et al. (1990) who showed that



amphiboles from the Western United States have been predominantly derived from
basaltic melts of MORB or Oceanic Island Basalt affinity.

Amphiboles from Kakanui (New Zealand) are also Type-I kaersutites and Ti-
rich pargasites. According to Siegrist et al. (2019), interstitial pargasites in ultramafic
xenoliths from the Kharchinsky volcano were crystallized from melts and fluids or by
fluid-rock interactions. This is also confirmed by the present study. More specifically,
almost half of the amphiboles from the Kharchinsky volcano belong to Type-I and the
other half to Type-IL. It is expected late-stage pargasites in Kharchinsky have been

formed by andesitic melts.

5.3.2.3 Alpine-type peridotites

The majority of amphiboles in Alpine-type peridotites are related to hydrous
fluids reacting with primary mantle phases (Type-III) (Figure 5.10). It is generally
considered that Alpine-type peridotites are involved in subduction zones, although
their exact geological evolution is still not well constrained. Therefore, the
amphibole-forming fluids could be dehydration products of subducted lithosphere
which, subsequently, hydrate the mantle wedge. These subduction-related fluids are
expected to be rich in alkalis (e.g. Keppler, 1996; Adam et al., 2014; Manning &
Frezzotti, 2020) and form amphiboles which also contain variable amounts of Na and
K. Type-IV amphiboles related to late-stage hydrothermal fluid activity are also
observed. They are tremolitic in composition and their lack of alkalis and Ti positions
their ~ generation at shallower depths during exhumation and
retrogression/hydrothermal alteration. Finally, Type-II, reactive amphiboles from
percolating hydrous melts and Type-I precipitative magmatic amphiboles do also

form on many occasions.

Type-III amphiboles in Alpine-type localities are matrix, interstitial or
replacive in texture and are mainly observed in Alpe Arami, Cima di Gagnone,
Finero, Monte Duria, Mount Albert, Nonsberg, Pohorje, Portet d’Aspet, Su-Lu and
Ulten (see Figure 5.1 for the exact locations). In many of these occasions, amphibole
is considered a prograde, primary phase and the metasomatic agent which initially
formed it is unknown as for example in Alpe Arami (Nimis & Trommsdorff, 2001).
Amphiboles in Cima di Gagnone and Monte Duria have resulted from the interaction
between fluids and the primary mantle phases. This is accordance with the works of
Scambelluri et al. (2014) and Pellegrino et al. (2020), respectively, who predicted the
infiltration of an alkali-rich fluid of crustal origin. A similar origin is also expected for
the Pohorje peridotitic body in Slovenia (Janak et al., 2006; Vrabec, 2010). Type-IV



amphiboles are also present in Pohorje but also in Cima di Gagnone. It is expected
that a late-stage hydrous fluid penetrated the ultramafic bodies and crystallized
tremolite. Amphiboles from the Anita peridotite are mainly Type-III. These
amphiboles, however, contain minimum amounts of Ti from 0.03 to 0.06 atoms per
formula unit. These values are not entirely indicative of a melt. The present results,
however, partly disagree with the trace-element work of Czertowicz et al. (2016).
These authors showed that although amphibole grew at the expense of clinopyroxene
and plagioclase through the interaction with a basalt. Therefore, it is expected that a

fluid/melt mixture might have existed during their crystallization.
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Figure 5.10: Ti vs Cr vs (Na + K) diagram demonstrating the different origins of amphibole in
ultramafic rocks from Alpine-type peridotites.

Type-I precipitative amphiboles from a silicate melt have only been located in
Beni Bousera, Fen, Lherz, Nové Dvory and Raobazhai. Melts of basaltic composition
directly precipitated amphiboles in Beni Bousera. These results are in perfect
agreement with the work of Et Atrassi et al. (2014). No information, from the

literature, for the formation of Type-I amphiboles in the remaining localities is

available.



Type-II, reactive amphiboles from a silicate-melt are present in Baldissero,
Balmuccia, Caussou, the External Liguride Ophiolite and Tinaquillo. Fabri¢s et al.
(1989) proposed that under upper lithospheric mantle conditions, a basaltic melt
infiltrated the Caussou peridotitic rocks and percolated through a grain-boundary
process reacting with the original, primary mantle minerals and forming Ti-rich
pargasite. This is in accordance with the present study. Similarly, Seyler & Mattson
(1989) attributed the formation of amphibole to mafic melts infiltrating the Tinaquillo
peridotites. Melt infiltration has also been expected for the External Liguride
Ophiolite according to Hidas et al. (2021).

5.3.2.4 Oceanic plateaus and core complexes

Figure 5.11 shows that amphiboles in ultramafic rocks from oceanic plateaus
and core complexes are usually related to aqueous fluids (Type-III and -1V) and less
frequently to melts reacting with primary mantle phases (Type-II). Magmatic
precipitative amphiboles (Type-I) can also be present on several occasions. The
15°20'N Fracture Zone area in the Mid-Atlantic Ridge is defined by Type-I, -III and -
IV amphiboles forming almost a trend from tremolitic/actinolitic to Mg-hornblenditic
and pargasitic compositions (Figure 5.12). The type-I amphiboles are similar to
amphiboles from tholeiitic basalts. It is therefore proposed that the rocks have
experienced complex metasomatic processes from basaltic melts directly precipitating
Mg-hornblendes to aqueous fluids reacting with the host peridotites along the walls of
the detachment fault. Strikingly, Albers et al. (2019) proposed the interaction of
magmatic activity and hydrothermal alteration at the detachment fault of this area.
Mado Megamullion (back-arc oceanic core complex) is very similar to the 15°20'N
Fracture Zone as amphiboles of multiple types coexist (Figure 5.12). However, this
time, Type-I tremolites are very scarce and Type-II amphiboles are also present. Sen
et al. (2022) assumed that pargasitic amphiboles in veins and as replacement of a
clinopyroxene have crystallized from a hydrous melt. This study confirms this
hypothesis but also shows that many other generations of amphiboles that are either
related to fluids of melts coexist with the precipitative ones. Replace amphiboles after
clinopyroxene in serpentinites from the Newfoundland passive margin (Canada) are
entirely of Type-IV, meaning that they have formed from aqueous, hydrothermal
fluids, completely lacking alkalis (Figure 5.12). The present results are in accordance
with Kodolanyi et al. (2012) who also attributed the formation of amphiboles to
hydrothermal fluids.
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Figure 5.11: Ti vs Cr vs (Na + K) diagram demonstrating the different origins of amphibole in
ultramafic rocks from oceanic plateaus and core complexes.
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Figure 5.12: Amphiboles from a few representative localities in oceanic settings. See text for full

description.



It was previously discussed that amphibole inclusions in spinels from the
IODP Site in the Atlantis massif represent trapped melts (Tamura et al., 2008; Tamura
et al., 2014). This hypothesis is now confirmed as the amphiboles are Ti-rich,
indicating the existence of a basaltic melt but also Cr-rich showing the interaction
with a primary phase (spinel) (Figure 5.12). Neal (1988) supported the reaction of a
fluid with primary mantle phases for Malaitan xenoliths. The present study supports
that the Malaitan amphiboles have indeed formed from a reaction process but with a

melt of basaltic composition.

5.3.2.5 Oceanic arcs

Amphiboles in ultramafic xenoliths from oceanic arcs are mostly reactive in
origin and related to subduction-zone or late-stage hydrothermal fluids (Type-III and
Type-IV). Mt. Pinatubo contains mostly Type-III amphiboles related to alkali-rich,
subduction zone fluids but a few Type-I amphiboles have also been observed
(Yoshikawa et al., 2016; Payot et al., 2018). However, their low Ti content from 0.05
to 0.1 a.p.fu. could be indicative of a melt/fluid mixture. Contrastingly, one
hastingsite from Batan is clearly Type-1. Type-III amphiboles have been identified in
Bismarck, the Hahajima seamount, the Mariana Trench and the TUBAF in New
Ireland. The findings here are congruent with the results of the relevant studies for
each locality respectively (Franz et al., 2002; Okamura et al., 2006; Ohara & Ishii,
1998; Bénard et al., 2021). However, Bismarck does also contain Type-II amphiboles.
Type-II also is observed in Sinai and Lihir. Finally, anthophyllites and tremolites from
Sinai have been crystallized from alkali-depleted hydrous melts at low temperatures
(Type-1V). This has probably occurred at a subduction-zone environment as also
proposed by Maurice et al. (2021).
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Figure 5.13: Ti vs Cr vs (Na + K) diagram demonstrating the different origins of amphibole in

ultramafic xenolithic rocks from oceanic arcs.

5.3.2.6 Ophiolites

Tremolites, actinolites and Mg-hornblendes in ophiolitic harzburgites and
dunites are mostly Type-IIl and Type-IV and have formed from the interaction of
fluids with clinopyroxene and spinel. Subduction-zone, alkali-rich fluids are the most
possible metasomatic agents that have affected the rocks. The Purang, Yungbwa,
Lycian, Ochi, Hagar Dungash, Mirdita, New Caledonian, Oeyama, Ohsa-yama and
Xigaze ophiolites are all defined by the two aforementioned categories of amphibole.
Kaersutites from Ochi as well as pargasites and Mg-hornblendes from the Kiire, Mt.

Kalnik, Lizard, Dinapigui and Gerf ophiolites are either Type-I or Type-II.

Amphiboles in ophiolitic mantle peridotites show variable contents of alkalis
which are portrayed by trends visible in the Ti vs Cr vs (Na + K) space (Figure 5.14).
It is, therefore, expected that the nature (alkalinity) of aqueous fluids released by
dehydrating lithologies in subduction zones can affect the composition of amphiboles
found in ophiolitic harzburgites, lherzolites and dunites. However, Figure 5.14 shows
that the extent of depletion, reflected in the spinel Cr#, can also affect the composition
of amphiboles dramatically. For example, tremolitic to Mg-hornblenditic amphiboles
in harzburgites and dunites from the Lycian Ophiolite (Turkey) clearly display the

interaction between a moderately depleted mantle and water-rich alkaline fluids.



Amphiboles in harzburgites from the Yungbwa Ophiolite (Tibet) require interaction
between less depleted mantle compositions and a hydrous Ti-bearing fluid/melt. This
is because spinels in the Lycian Ophiolite contain much more Cr compared to
Yungbwa. Therefore, the amphiboles crystallized after more Cr-rich spinels will also

be more enriched in Cr (Figure 5.14).
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Figure 5.14: Amphiboles from the Lycian and the Yungbwa ophiolites form two distinct trends. These
trends are thought to be the result of the alkalinity of the metasomatic fluid but also the degree of

depletion of the mantle harzburgites or dunites.

Amphibole is often found in ophiolitic chromitites as inclusions in chromitites.
Interstitial amphibole grains have rarely been reported in ophiolitic chromitites
(Melcher et al., 1997; Rollinson, 2008). A new suite of amphiboles forming inclusions
in chromite but also interstitial grains in chromitites has been discovered in the Lycian
Ophiolite. According to Pan et al. (2022), the amphibole inclusions in chromites from
the Lycian chromitites coexist with other silicate mineral inclusions (pyroxene) and
represent trapped melts that reacted with fluids along the surfaces of chromite. These
fluids were subsequently released into the surround lithologies forming interstitial
amphibole grains. However, based on Figure 5.15, the tremolites and pargasites in the

Lycian chromitites seem to be unaffected by melts as they contain no Ti at all. Based



on the newly proposed rationale, they belong to Type-III and Type-IV, being mostly
related to aqueous fluids reacting with chromite. Therefore, it is proposed that
amphibole inclusions in Lycian chromite have crystallized from residual silica-rich
fluids that were separated from the melt which crystallized chromite. The lack of a Ti
imprint indicates that the fluid/melt ratio was very high during the crystallization of
amphibole. The fluids were subsequently gathered on chromite surfaces (Matveev &
Ballhaus, 2002) and were released to the surrounding lithologies forming interstitial

Ti-poor amphiboles.

Similarly to the Lycian ophiolite, amphibole inclusions in ophiolitic
chromitites from multiple localities around the globe (Figure 5.15) are only related to
fluids. Usually in the literature, amphibole inclusions in chromites are mostly
interpreted as trapped melts during the crystallization of the chromites. The absence
of Ti, however, is a strong indicator of a fluid phase. Arai & Miura (2016) supported
that a combination of magmatic and hydrothermal processes can lead to the formation
of chromitites. In fact, they proved that hydrothermal fluids could dissolve and
precipitate chromite at high temperatures. Recently, this hypothesis has been
confirmed by Johan et al. (2017) who showed that chromite may precipitate from a
reducing fluid phase at a temperature less than 1050 °C. In their proposed theory, a
large volume of harzburgites is hydrothermally altered by a large amount of fluids
which they become enriched in Cr. These fluids can then reprecipitate chromite under
reducing conditions. Therefore, in such a fluid-dominant environment, Cr-rich, Ti-
poor amphiboles are also expected to crystallize. This hypothesis seems to hold true
for the fluid-related amphiboles depicted in Figure 5.15. However, chromitites from
the literature have usually been associated with magmatic processes. A magmatic
origin is expected for pargasitic amphibole inclusions in chromitites from the Semail
ophiolite which have been crystallized by trapped basaltic melts reacting with the
primary chromites (Type-II) (Figure 5.15). This is in accordance with the works of
Borisova et al. (2012) and Rospabé¢ et al. (2020).
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Figure 5.15: Ti vs Cr vs (Na + K) diagram demonstrating the origin of amphibole in ophiolitic
chromitite. Fluids seem to have an important role on the genesis of such amphiboles (see text for more
details).

5.3.3 Mg# vs Si vs Ti three-dimensional diagrams

In Chapter 4, a new method to decide whether an amphibole is in equilibrium
with the primary mantle phases was developed. Here, a simple Mg# vs Si vs Ti three-

dimensional diagram is proposed to confirm the results from Chapter 4. The

amphibole Mg# (Mg+—l;qem) is used to empirically derive how equilibrated an

amphibole in the mantle. Results are shown in Figure 5.16. Magmatic amphiboles in
equilibrium with basaltic and andesitic melts are generally characterized by Mg#
values in the range 0.40-0.85 whereas amphiboles in equilibrium with natural
ultramafic compositions are characterized by Mg# in the range 0.62 to 0.98.
Experimental amphiboles formed in equilibrium with mantle peridotite display Mg#

values in the range 0.90-0.98. It is, therefore, proposed that amphiboles in ultramafic



rocks with Mg# values smaller than about 0.90-0.85, have not reached chemical
equilibrium, in terms of Mg and Fe, with their surrounding mantle phases. Natural
amphiboles with Mg# ranging from 0.85 to 0.98 are expected to be in chemical
equilibrium with the primary mantle phases. Note that the amphiboles under
investigation must also contain Si in the range from 5.5 to 7 a.p.f.u. so that they are
similar to the pargasites from the ultramafic experiments. Figure 5.16 shows that the
majority of amphiboles from continental rifts are in equilibrium with the mantle rocks
in which they were formed. On the other hand, amphiboles from oceanic arcs are
generally in disequilibrium with the mantle rocks except from a few localities. The

results here, are perfectly concordant with those from Chapter 4.
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Figure 5.16: Mg# vs Si vs Ti diagram used to empirically predict if amphibole has equilibrated in
mantle rocks. Amphiboles from continental rifts and oceanic arcs are shown as examples.

Conclusions

In Chapters 4 and 5 of the present study it was shown that, by using several
simple methods, the exact processes which contributed to the formation of amphibole

in ultramafic rocks can be derived. More specifically, after the obtainment of a



microprobe major-element analysis, the chemical composition of amphibole can be
plotted in a simple Ti vs Cr vs (Na + K) three-dimensional diagram. This diagram will
enable the identification of the metasomatic fluid that formed amphibole as well as
the process that was initially involved (reaction or direct crystallization). Then, the
amphibole-clinopyroxene thermometer can be used to estimate the temperature of
equilibration. This thermometer should only be used for amphiboles falling in the
compositional range of the calibrant dataset (see Chapter 4). It is pointed out that the
amphibole-clinopyroxene thermometer does not yield magmatic temperatures as it is
exclusively calibrated based on equilibrium ultramafic experiments. Therefore, a
single amphibole-clinopyroxene temperature might not be as useful. It is proposed
that the amphibole-clinopyroxene temperatures should be compared to other
thermometric methods (e.g. two-pyroxene, garnet-clinopyroxene etc.). If the
thermometric results from the two methods yield comparable temperatures then it is
highly expected that amphibole is in equilibrium with the pyroxenes. In future work,
it would be very useful to experimentally derive the diffusion rates of cation species
in the crystal structure of amphibole depending on temperature. We could then
compare the diffusivities of cations such as Mg and Fe*? in amphibole with other
mineral phases (e.g. pyroxenes). These data could be valuable to interpret amphibole-

clinopyroxene temperatures more thoroughly.

The previously mentioned methods have been applied to amphiboles in
ultramafic from different geotectonic settings. Amphibole equilibrium has been
located in a wide variety of localities from multiple geotectonic settings but mostly in
continental-rift related settings. On the other hand, amphiboles in Alpine-type
peridotites seem to be governed by a large degree of disequilibrium. Moreover, the
presently proposed three-dimensional diagrams seem to confirm studies which are
based on trace-element analyses or other techniques. Strikingly, the three-dimensional
diagrams showed that amphiboles in ophiolitic chromitites are almost exclusively
related to a fluid phase. This is a point which is greatly supported by recent
experimental work and shows that chromitites can indeed be formed in chemically
open, fluid-rich systems. The results of the present work show that the three-
dimensional diagrams are an extremely simple and efficient tool which can be used to

predict the formation of amphibole in ultramafic rocks with great detail.
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