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Abstract

In this studyan actinolite, the intermediate member of theemolitei ferro-actinolite series,
ideally Ca(Mg,Fe?")SisO,(OH),, has been examined regardifity thermal stability and
oxidation behavioby condudng in situ Raman spectrospic experimentsSpectra have been
recorded in the rangdrom 151215cm* and 337@8770cm* at temperatures from 1&¥0K

in nitrogen atmosphere and at temperatures from room temperature t& 1183@0r. The heat
treatment in nitrogeatmospherelid not cause any irreversible changes whiteheating in air
divalent iron is oxidizedAt 1100K hydrogen cationbonced to the oxygen anion at the-$ie

of the amphibole structurand electros associated to Feat the octahedral sitestart to
delocalizebut remain inside the crystal matrikhe delocalization is completed at 1300When
coolingto room temperature the initial state is only partly recovered. Therefore some hydrogen
andelectrons must have been ejected from the cryShanges in peak positions and intensities,
new appearing and disappearing peaks indicate that some divaleritasdmeen oxidized to
trivalent iron. In the final spectrum hie peaks related to the chemical configurations
MOMOMEEL MgMgi AT a K OMOES* MgMgi A-site appear strongly shifted to lower
wavenumbers with a decreased intensitlich indicates that the configurations have changed to
MOMOMEES MgMgi AT a HEMOMOEES* MgMgi A-site. New peaks have appeared at
~465cmt, ~512cm*, ~574cm’, ~600cm™ and ~1170cmi’. Apart from slight changes in the
SiOs-ring andMOg octahelra geometry, which are due to the smaller size 8f & compared to
Fe?*, the structure of actinolite is preserved overwth®le temperature range probed.
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1 Introduction

Minerals belonging to the amphibole supergrowhich includesover 1® endmembers and
hypothetical compositiongLocock 2014) have aroused interest in the scientific community
since the 18" century. At that time the designation amphibdiel not existand only few
different species had been identifidalt some minerals described in several mineralogical
treatiesmatch the characteristic¥ he name fAamphi bol ed derives
Afambi guous o anidthed8"senfurghby Remé L ldagijsecause of two reasons:
first because upon supeilifid examination amphiboles could be confused with tourmalne o
pyroxene and secontiecause the appearancé this mineralsis often similar but the
composition varies. Since theéhe chemical ang@hysical properties of variowmsmphiboleshave
been extensely studied Cipriani 2007) A crucial discoveryasthe importance ahe presence

of hydroxylgroupsin the crystal structurky Schaller(1916)

Amphiboles (AB,CsTgOW,, Cs=M(1),, M(2),, M(3)) occur in many igneousand
metamorphic rocks, for example diorite, andesiteamphiboliteor greenschistTheybelong to

the most common rock forming minerasd occur in a wide range of temperature and pressure.
The appearance of cam amphiboles isindicative of certain temperature and pressure
conditions. Therefore thegylay an important role in the metamorphic facies concepicandoe
used as geothermometers and geobaromgetaimacher 2007For this purpose it is essential

to understand precisellge thermodynamic behaviof different amphiboles.

Some amphiboles may occas asbestos.e. inthe form of fiberswith a length to diameter ratio

O 3(Shuikla et al 2003) Due to their thermal stabilitpsbestodibers have been addeds
insulators to many commercially usedaterials before it became clear that the exposure to
amphiboleasbestos can cause severe lung disd&$eis and Philpotts 2012)his harmfulness

is associad with the generation of free radicals and other reactive oxygen species like the
hydroxyl radcal, whichis related to the availability and oxidation of irfikamp et al. 1992)
Thereforeunderstanding the oxidation mechanism in ib@aring amphiblescould be useful in
medical sciencel-urthermoreit could have an application in geophysics, sitiee oxidation of

iron in amphiboles may be the cause for the high electric conductivity that is observed in some
regions of the continental cru8tVanget al. 2012) The accompanying dehydration reaction is
thought to be related to intermediatepth seismicity in subduction zong$acker et al. 2003)
Addison andSharp (1962) have revealed thathe ease with which divalent iron is oxidized
depends on thavailability of OHgroups on therystalsurface and on thidg®* and F&* content

in the mineral. The higher the £econtent, the easier iramill be oxidized.Della Ventura et al.
(2018) have achievedurther interesting results by conductiagtudy on the dynamics of iron
oxidation in riebeckite an ironrich amphibole,using infrared and Raman spectroscopy and
combining the data with results obtained from Mdssbauer spectroscopy andceystid
structure refinementThey conclude that the oxidation proceeds in different st@peng heat
treatment the @4 bonds enlargeAt a certain temperaturiae outermostlectronsof MOE

and hydrogen cationsrom “(OH) start to delocalize but staynside the crystal. The
delocaliation is reversible by cooling down to room temperature. Only when the kinetic energy
increases at higheemperaturesH’-ions and electronsire irreversiblesjected from the crystal
and also iron is oxidized irreversiblifurthermore the results show that atmospheric oxygen is
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needed for the reaction and that oxidation starts at the surface and then ptoceeds the
interior of the crystal.

In this thesis another irorbearing amphibole, actinolite(geneal chemical fomula

A BCa(Mgs.Fe**,)Sis02." (OH),, xX 0 .-25. )5will be studied. The goais to examine the
thermal stabilityin nitrogen atmosphereand air andto get a picture fopossible oxidation
processeslhere are fevstudies onactinoliteyet, since itbarely has been mined amdiustrially
used(Shukla et al. 2003)

Raman spectroscopy an appropriatenethod for studying the thermal stability and oxidation
processein amphibolesbecause of several reasolgith Raman spectroscopy it is possible to
detect light elements like hydrogen, which is essential for examining hydrous minerals.
Moreover it is perfect for detecting a procdkat takes place at the crystal surface, since the
penetrationdepth of he laser is only approximately dm. Besides,it is fast, nordestructive,
easy to handle and rsample preparation is needédh additionalmotivation for using Raman
spectroscopy is tpossiblyfind out more abouhowthe presence divalent andrivalent ron,
respectively,influence the Raman spectralntil now only with Méssbauer spectroscopy it is
possible todistinguish between the two oxidation stasesl it wouldbe usefulto find another
method that can be used for taswell.
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1.1 The structure and chemistry of amphiboles

Amphiboles are hydrous double chasilicates represented by the general chemical formula
AB,CsTs02,W,. The characteristic double chains builtn@mberedl O4-rings Figure1). The
different positions can beccupied by various ions. The-ghe can be vacant }, partly filled or
filled by Na", K*, C&*, PF* or Li*; the B-site can be occupied by N&Ca*, Mn**, Fé**, Mg®* or
Li*; theoctahedrally coordinate@-site by Md*, F&¢*, Mn?*, AI**, F€*, Mn**, CF*, Ti** or Li*;
thetetrahedrally coordinate@-site by St*, AlI**, Ti*" or B€* and the Wsite can be occupied by
OH, O7, F or CI (Hawthorne et al. 2012)n crystallography th@&-site is labeledvith M(4).
The C-site consists ofthree crystallographically distinguishable sites, whiale labeledwith
M(1), M(2) andM(3). There are twdM (1), two M(2) sites and on®1(3) site. At the T-site may
be distinguished betweem(1l) and T(2). Furthermoreit is differentiated betweeitbridging
oxygen atoms that are shared betweem Tvgite tetrahedra (O(5), O(6), O(7)) and Amdging
oxygen atoms (O(1), O(2), O(3), O(4fjHawthorne and Oberti 2007Most amphiboles
crystallize in the monoclinic system but there are also orthdofwanes.

Figure 1: The structure of a monoclir
amphibole with space groupC2/m
(yellow: A-site cations, violetM(4)-site
cations, dark blue: -Eite tetrahedra, oli
green: M(1) site octahedra, greywm(2)
site octahedra, light blueM(3) site
octahedra, red: oxygen anions, wt
hydrogen cations). This figure w
prepared using the VESTA softw
package(Momma and lzumi 2008yvith
the structural data bWelch and Knigt
1999. (Color online)

1.1.1 Amphiboles on the tremolite ferro -actinolite join
Amphiboles on the tremolite - ferro-actinolite join, CapMgsSigO2(OH), T
CaFe?'5SigO.(OH),, are assigned to the subgroup of the calcium amphiboles. Theyllzgsta
in the monoclinic system. Tremolite may have a composition rangingrom
CaMgsSigOoo(OH), to  CaMg,sFe?’05Sis022(OH), and isfound in lowgrade metamorphic
rocks of contact and regional metamorphism. Typically, it forms in metamorphosectiMg
carbonates by redoh between dolomite and quartZhe intermediates in the serigsom
CaoMgs sF€50.5Sis0,0(OH), to  CaMg, sFet*, sSisO,(OH), are named actinolite. Actinolite
is a characteristic mineral for metabasites in the greenschist facies. It also occurs in thermally
metamorphosed impure dolomites, in the amphibolite and epidphibolite faciesrad in some
glawcophane schists  Amphiboles with a composition ranging  from
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T CBlg<sFe?ts, sSig0-(OH) to  CaFe? sSigO,,(OH), are calledferro-actinolite. Theymainly
occurin metamorphosed iron formatiar{slawthorne et al. 2012; Deer et al. 2013)

1.2 The oxidation process in Fe-bearing amphiboles

The oxidation andlehydroxylatiorreaction in Febearing hydrous minerals can be formulated as
(Addison and Sharp 1962)

AFE" + 40H + O, A 4FE"+40% + 2 H,0 1)

Thus, the oxidation ofne Fé" cation requires the reduction of one Q@rbup by ejection of H
from the crystal. Wo gected hydrogeications combinevith external (atmospheric) oxygamd
form one water molecule. The reaction (1) is accompanied by the release of 4 eldotitans
Ventura et al. 2018)

Fe** cations are smallethan Fé" cations (Addison and Sharp 1962and have a higher
electronegativity(Li and Xue 2006) Thereforeit is expected that oxidation causes a slight
change in the crystal geometry and affects the interaction between the atoms.

Mdssbauer data fronishida et al(2002)haveshownthatin some amphibolesf the tremolitel
ferro-actinolite serie§e®* located at thé(1) andM(3) sites is oxidizedaster than Fé located
at theM(2) site, while results presented Bperti et al.(2018) reveal that in riebeckite only
MDEe is affected.

2 Materials and methods

2.1 Studied sample

For the hightemperature experiments this study an actinolite sampleth the crystachemical
formula® (Nao.16Ko0.01)*(Cau 74F€ " 0.2aMN*0,02) (M7 39F € 05381 01C1**0.05) T (Al 9 16Si7 82) 022

W(OH; g9F001) Was used. The sample was kindly provided by the Mineralogical Museum of the
University of Hamlorg and the chemistry was examinbg electron microprobe analyses
(EMPA) as part of a masr thesis byeissner(2014) The actinolitesampleoriginates from the
Zillertal, in Austriafrom a lowgrade regional metamorphic affected regi®he colao is dark
green(Figure2).

Figure2: Actinolite sample examined in this study (size of the crystalsix
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2.2 Raman spectroscopy

Spectroscopic methods are used to examine the interaction between electromagnetic cadiation
a particle beamand matter which leads to a change in the energy of the sysiaman
spectroscopy is a vibrational spectroscopic method based &athan effe; which is inelastic

light scattemng by atomic vibrationsThe collective atomic vibrations in a crystal are called
phonons. There are two thfent types of phonons: acoustibonons, which oscillate irphase

and opti@al phonms that oscillate owbf-phase In Raman spectroscopy onlyie radiation
scattered by optad phononsis detectedThe radiatbn used to irradiate a sample duriag
experiment is in thevisible, ultraviolet or neamfrared spectrum and originateBom a
monochromatic laser beamith the electric field strengtlic and angularfrequencyd n. The
electric field strengtht at a given time is described by the equation

% %AT NN

wherekE is the vibrational amplitude of the las&ue to the irradiationf the samplean electric
dipole momenP is induced

0 %

where| is the polarizability which is a proportionality constant that describes how easy a
molecule may be distorted. SinBeandE are vectorswith three components in the X, ydn
directiors,| is aseconeranktensor

loo {gU loU
lug JUuU JUuU
U@ JUU JuUU

wherejgu Judipu Lu@ NJd U usince theRamanpolarizability tensoris symmetric A
vibratioral modeis Ramaractiveif a change in polarizability occuduring the dynamic atomic
displacementghus,one of the components must not be zero.

From guantum mechanical point of viewuring the electric dipole moment is induceie
phononsin the crystalget excitedto a virtual energy state andetin dropback The incident
radiation is sattered either elastically or inelastily (Figure 3). When a phonon is at the
vibrational ground state and after getting excited diogsk to the ground state, the light is
scattered elasticallywhich means that the scattered radiation has the same frequency as the
incident radiation(d ). This is called Rayleigh scatteringjhe inelastic scattering of lighis
called Raman scatteringyhich comprises two processebhe first is theStokes scattering,
which arises fronphonors that donot drop to the ground staadter the excitatiotut to ahigher
energy level absorbing ener§pm the incident radiatiod =17 5i wheredi is a vibraional
angular frequency, in crystals also called phonon wavenymblee second is then#i-Stokes
scattering that arises fro phonons that initiallareat an excited internal energy level and after
getting excited drop down to the ground state. In thég dae incident radiation gains energy
On+d1).
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excited states

v v ground state

Rayleigh g Stokes Anti -Stokes Y,
e

Raman scattering

Figure3: Rayleigh and Raman scattering processes

In Raman spectroscopyhd difference between thHeequencyof the incident and the scattered
light, thus, the vibrational frequendyi , is measured as a shift, theled Raman shift. The
peaks asging from the Stokes process are shifi@dower wavenumbers and arfiiokes peaks
are shifted to higher wavenumbers with respect to the incident frequEmeyntensity of the
Rayleigh scattered light is the strongest™{1iines the intensity of the incident light) because
most phonons are scatterethstically. The intensity of the Stoke scattered light is abotit 10
times the intensity of the incident radiation and the intensity oaniieStokes scattered light is
even weaker. This is becauaeroom tempexture the majority of phonons aat the ground
state. Hencahe Stokes process is more likely to happ®an tle anti-Stokes process. Sinbeth
provide the same information, usually only the Stokds sf the spectrum is measured.

The measured peaks providdormation about the chemistry arstructural properties of the
sample since the peak positipn depend on the masses of the vibrating atoms and on the
strength of thehemical bonds via the correlation

0
| -

where K is the force constant of the chemical bond‘and is the reduced mass of the

vibrating atoms. The bonds are regarded as sprifigsire 4) and the vibrations as harmonic
oscillations.(Ferraro et al. 2003; Kakkar 2015; Nasdala et al. 2004)

K

NG

Figure 4: Sketch of a chemitdond with the force constant K between
atoms with the masses;mnd m
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2.2.1 Raman spectroscopy of amphiboles
Before performing vibrational spectroscopic experiments, it is helpfagtiorma group theory
analysis ando consider in which spectrahnges the different vibrational modes will occur.

2.2.1.1 Group theory

The application ofjroup theoryallows predictingwhich vibrational modes wilbe observedih a
spectroscopic measuremeAtvibrational modecan be Raman active, infrared active or silént.
the vibratioml mode causea change in thbondpolarizabilityand the induced dipole moment
is attributed to the difference between the positively charged nucleus and the center of gravity of
the surroundingnegatively charged electron shétlis dlowed to be Raman active. If a change
in the dipole momeris due to thenismatchbetween the center of gravity of positively charged
ions and the center of gravity of negatively charged,itms vibratioml modeis allowed to be
infrared active.The Bilbao Crystallographic servéwww.cryst.ehu.esgan be used to calculate
how many Raman and infrared active modes are expebiedonly information needed is the
space group of the crystal and the occupied Wyckoff positions.

In group theory there is a claater table for each point grodpat provides a lot of information.
The character table for the point groum2$ shown inTablel.

Tablel: Character tabléor the point group 2h (afterKroumova et al. 2003

Ch(2m 1|2 |-1|m functions
Ag 11 1 1 | x2,¥?%, 22, xy, d
By 1/-1]1 -1 XZ,¥z, 4, J
Ay 1/1-1]-1 z
Bu 1/-1]-1]1 X,y

In the first column, all symmetrgpeciesthat occur in the respective point group are listed
represented by Mulliken symbols. In monoclinic crystals of the point graui@y symmetry
species occuthat are symmetric (A) or arsiymmetric(B) with respect tdhe principal axis of
symmetry; and symmetric (A, Bg) or antisymmetric (A, By) with respect to acenter of
symmetry.A and B modes are one dimensional representatidpsnd B, modes are Raman
active, while A and B, modes are infr@d active.All symmetry operations occurring in the
point group 2h are displayedn theorange fields in the first roTable1): an onefold rotation
axis, a twefold rotationaxis, a center of symmetry andarror plane perpendicular to theo-
fold rotation axis.In the last columr( A f u n c df Table ktbe) selection ra@s are listed
Considering the polarizabilitiensors Table 2), it can be seen whicarethe selection rules for
the Raman active modéTuschel 2014)
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Table2: Polarizability tensorsf the Raman active modéafter Kroumova et al. 2003

Ag By
XX Xz Xy

yy yX yz
zX zz zy

XX <=>X2, yy <=>y?, 77<=> 72

The occupation ofthe Wyckoff positionsand the corresponding Raman active modes
amphiboleswith space grouf©2/m are showrin Table3. The Wyckoff position is composed of

a number, whik indicatesthe multiplicity (the number of equivalent atoms in the unit cell

generated by symmedrgind a lettethat has nghysical meaning.

Table3: Crystallographic sites, occupied Wyckoff positigaterEvans and Yang 199&nd
Raman active modes in amphiboles with space g@m (afterKroumova et al. 2003

Crystallographic Wyckoff Fractional Raman active modes
site position coordinates Aqg By
8j X, Y, Z 3 3
8j X, Y, Z 3 3
8j X, Y, Z 3 3
8j X, Y, Z 3 3
4i X, Yy, 0 2 1
8j X, Y, Z 3 3
8j X, Y,2Z 3 3
8j X, Y, Z 3 3
4i X, Y, 0 2 1
4h %,0,z 1 2
49 0,0,z 1 2
2a 0,0,0 : :
4h %, 0,z 1 2
2b 0,0,% : :
4i X, Y, 0 2 1
X Ag 30 X Bg 30

In total, there are 6(Raman activenodes. Whichof them will be observed in a spectrum is

determined byhte orientation in thathe crystal is measedwith respectd the polarization of
the laserThe differentc onf i gur at i ons

can

be

expressed

by
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and D represent thergpagation direction of the inciderfi®) and the scattere@@®) light,
respectively, and B and C represent the polarization direction of the indi@gnand the

scattered light(®), respectively.The possibleconfigurations and Raman active modes f
measurements in backscattering geometry are showigume5 andTable4.

a |
? B — o A&
e €]
X 0
a b (| U horizontal
c (2
I
I wTJ _ TQ) E or /_Q)
& — G
X 0 ®

ak g ¢ (2) vertical
b (

Figure 5. Sketch of the pssible orientations of the sampleeasured i
backscattering geometry; due to the variation in the cleavage pfaaedp car
beroat ed within the (x6, yo6) plane.

Table4: Possble configurations antherespective Raman active modes

) _ Detected
Orientation L e Raman
Polarization Por t o polarizability :
of the . active
of the laser notation tensor
sample modes
components
Horizontal HH @ (zz) zz,XX Ag
Horizontal VH @ (yoz Yz,yX Xz Ay, By
Vertical HH @ (yo) Yy, XX Aq
Vertical VH D(zy( zXzy,Xxy Ay, By

HH = parallel polarized, VH = cross polarized
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2.2.1.2 Peak assignment

Due to the complex structure of amphiboles it is difficulassign all of the observed peaks in
the spectra to the corresponding vibrational modes. Especially the origin of the spectral bands
below 625cm” is not completely understood yet.ifberent opinions aréound in literature In
this study the following asignments have been taken into accqéigure6): The range below
~425cm™ is supposed to be dominated by vibrations of the; @ahedra and in addition may
be influenced by T@external modesral OH libration and translatiolRaman bands between
~450cm™ and 625cm™ are thought to be generated by bending of th©-Si and QSi-O
bonds The spectral range from ~6580cm’™, where in Raman spectra of amphibolgsidally
appears the most intense peak, is commonly ascribed to-ttalaedSiO,-ring breathing mode,
which is also known as $-Si bending modeThe peaks in the range from ~95030cm’™* are
assigned to Sigtetrahedra stretching vibrations. TheCGswvibrations involving oxygen atoms
that are shared between two $i@trahedra (SD,-Si, Q,=bridging O) are expected to appear in
the spectral range from 10AA30cm® and the SO vibrations involving nosbridging oxygen
atoms (GSi-O) in the range from950-1000cm™. O-H bond stretching vibrations are detected
in the spectral range from ~358000cm™. (Apopei and Buzgar 2010; Susta et al. 2018;
Leissner et al. 2015)

Actinolite

70 SiO-Si& O-SFO
! bending

60 F —> .
@ ! SiOy
£ 50 stretching
5 [ “—>
8 4of OH
g : :
Z a0} o stretchin
c

250 500 750 1000
Raman shift (cm™)

Figure6: The vibrational modes iamphiboles
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2.3 Experimental conditions

The Raman scattering experiments were performed using a HoribaYaaimnT64000triple-
grating monochromator spectrometer equipped with an Olympus BX41 microscope and a LN
cooled Symphony CCD detector. The 514.582green line of a Coherent Innova 90C FreD Ar
Laser was used to irradiate the sample. The laser beam was focused tar&dy LWD
microscope objective on a spot with a diameter @fum on the surface of therystal. The
output laser power was OM8. For reducing the laser power filte(@ 1 transmittance) was used,
thus, the laser power on the surface was 61B8&. The Raman spectra were measured

in backscattering geometity the spectral rangel5-1215cm™ and 33768770cm™. The spectral
resolution was 2.0cm’™. At room temperature Raman spectra were collected focusing the laser
on different points of the crystal sade to prove homogeneity of the sample and repeatability of
the spectra. All measurements at different temperatures were performed with vertical orientation
of the sam[e and parallel polarized light, thus with scattering geom@iry y 6 y 6 ) x 6 .

In situ high-temperature Raman experiments were done in nitrogen atmosphere and in ambient
atmosphere. For generating a nitrogen atmagphmund the sampla,LINKAM THMS -E600
heating/cooling stage was used, which providesngperature accura®f £0.1K. The cell vas
heated to 31K to set N purge.There was strong luminescence that disappeared after a couple
of minutes. After heating to 330 there was strong luminescence again. The problem could be
solved byslightly changing the spoRamanspectra were colleateevery 2K cooling down the
sample to 10&. While reheating to room temperature another spectrum was collected &t 210
Next the sample was heated to &@ollecting spectra every . After cooling down to room
temperature a final spectrum was refeaf.

The measurements in ambient atmosphere were performed.iNK&AM TS1200EV-1015
heating stagevith temperature accuracyl K. On heatingup to 1300K Raman spectra were
collected every 5&. Another two spectra were recorded after cooling down, aménbtes and

the other one 3finutes after reaching the room temperatitrehould be mentioned that above
1000K the background was stronghyareased due to blackbody emission.

For each measurement the heating/cooling rate was setkonl), the acquisition to 26 and

the spectrum was averaged overlddps. Each data collection started aftenifutes spent at

the respective temperature. hitrogen at 87K additional spectra were collected after 35,
80,120 and 16/inutes. In ambient atmosphere at 1B0@nother spectrum was recorded after
30 minutes.

The program used for data collection was LabSpec Spectroscopy Suite Software.

2.4 Data evaluation

The data was imported in OriginPro. The Rama spectra were baseline corrected by removing the
instrumental background and the backgmbeaused by photoluminescer(€ggure7). Then the

Raman intensity was normalized by the B&sestein population factor for Stokes processes to
remove the temperature dependence:

. ®
© £1 Ry »p
where
£1 RY — P
o o

wherey represents t heT tpehilTemperate mwheveducedrPlareck constant
(0 = 1.05457266x18" Js) andkg the Boltzmann constaritg = 1.380658x13° J/K).
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The corrected intensity was divided by the accumulation time in order tessxfhe intensity in
counts/s Figure7).

To determine the peak positions ) the full widths a half maximum (FWHNIsand the
Intensities(l), the spectra were fitted with pseudoigt functions.The pseudeVoigt function is

a waghted sum of Gaussian @horentzian functions:

L S 3 . aeg,
W x ! . S - - p = Q A
TW R 30 n s
- J - J
~ ~
Lorentzian funtion Gaussian furtion

whereaux is the offsetgxthecener, A the area3 the FWHM and the profile shape factor,
with* T 1dp . The Lorentzian function represents homogenous broadehmgeak while the
Gaussian function represents inhomogeneous broadening.

In the data analyses also the intensities normalized &r#aeof a whole spectrum

G e
whereQuns over alpeakswere considered.
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Figure7: Baseline correction of a raw Raman spectrum (a) and the same spectrum after st
the baseline, removing thiemperature dependence and dividing by the accumulation time (b)
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3 Results and discussion

The actinolite Ramanspectra recorded at differeniperatures in nitrogesmosphere and air
are shownn Figure8 andFigure9.

N,

2

Intensity (arb. units)

. .
PR B T oo 0w/ /1

250 500 750 1000 3600 3800

Raman shift (cm™)

Figure 8: Baseline corrected parallel polarized Raman sp@étectinolite measured with vertic
orientaton of thesample atémperaturefrom 100870K in N,. For the sake of clarity, the spe:
have been offset vertically.
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Figure 9: Baseline corrected parallel polarized Raman speadtractinolite measured with vertic
orientaton of the sample at increasing temperatures up to K3800,. For the sake of clarity, t
spectra have been offset vertically.
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With increasingemperaturgall of the peaks shoa progressive shift to lower wavenumbansi

a noticeablébroadening This is the behavior usuallgbserved for phonons in crystals with a
positive thermal expansiaiDella Ventura et al. 2018Yhe shift to lower wavenumbers can be
explained as follows: when crystal expands, the distances between the atoms in@edse

thereforethe force constastK of the chemical bondslecreaseSinceg 0T , the peak
positions shift to lower wavenumberBhe broadening of the peaissdue todynamical disorder

in the systentaused byhe increasing thermal fluctuations, which in turn increases the phonon
phonon iteractiors and leads to a decrease in the propagagogth of the individual phonons
Apart fromthese gradual changdbe spectra at low and high temperaturesitrogenbarely
deviate from the spectrum recorded at room temperakurair in contrastabove 100K the
overall intensity(ltotal) significantly decreasg$igure10) and after 125K in range from 3370
377 cm’ no peaks are observasiymore(Figure 9). After cooling down to room temperatyre
they partially recoverA similar behavio has been documented for riebeckitelmslla Ventura

et al.(2018) The partial recovery athe OHstretching peaksuggests that themount of OH
groups is reduced. This can be confirmed by consideni@tptal intensityof the OHstretching
vibrations (Itotalonstetching iN relation to the total intensity of the framework vibrations
(Itotakamewony (Figure 11). At the final room temperaturthe Itotalon.stretchingratio is slightly
reducedindicating that indeed some hydrogen has been lost. During the heat tre#tment
drastically drops aemperatureabove 118 K indicating the delocalization ¢i* cations.
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Figure10: The total intasity of the vibration: Figure 11: The total intensity of the B-
modesi n actinolite on stretching vibrations divided by the tc
represents the intensity after 80nutes spel Intensity of the framework vibrations
at1300K and Dz the inte heating in air, where is the value obtaine
not visible, the errors lie within the symbols. for 5 minutes afte

after 30minutes.

The final spectrum recorded retom temperaturen air does nbonly show a change in the GH
stretching region but also in the spectral range where the framework vibrations areSactiee.
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it is expected thativalent iron is oxidizedduring the heat treatment, the changes will be
examined assuming that they areised by ion-oxidation and deydroxylation

It is worth mentioning, that theolor of the sample after the heat treatment tla@ngedirom

dark green to dark brown, which also hints at the presence of trivalent iron.

In this work the spectral bands in thange from 100230cm?®, near673cm?, from 900
1100cm™ and from 3608770cm™*will be examined by considering the temperature trends of
phonon wavenumber§ ¥ )widths (full widths at half maximum, FWHIg) and fractional
intensitieg(l), in thefollowing also referred to as normalized intensities

3.1 Raman scattering of the framework vibrations:

The@ ( y 6 Ratansdiering in the range from 15215cm™ was fitted with 22 peakd={gure
12). Several peakgenerated bgifferentphonon modeswhich all should arise from /Amodes,
were selected as representatives for the corresponding-cagigan clusterPeak 1 (~20cmi?),
peak 2 (~BOcm?), peak 3 (~17@m™) and peak 4 (~22ém™) result fromMOg vibrations and
therefore are directly sensitive to thesite occupancy. Furthermorne SiQ-breathing mode
(peakl7,~673 cm™) will be analyzdand in the Si@stretching modgeak 19 (~93@m™) and
peak22 (~1057cm™) will be considered
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Figure 12: Peak fitting of the framework vibrations and labelling of the pedks
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3.1.1 The octahedral M Os mode

The temperature dependence of the phonon wavenumbemsd the FWHMs3 of peak 1
(~120cm’?), peak 2 (~16@m™), peak 3 (~17@m’) and peak 4 (228m™) can be seen iRigure

14. On cooling from room temperature to 1K0Nn N, the peak positiongradually shift to
higherwavenumbersin accordance with thearyhis indicates a strengthening of the chemical
bondsdue to the shrinking of the unicell volume However,the values at 22K and 20 K
deviate fromthe trend line and below 1607 shifts back to lower wavenumbeiseither for

the deviation at 228 and 24 K nor for the maximum at 16K could be found an gtanation.
These discontinuities are also observed in the raw spéatyar€ 13). Hence, there has not been
a mistake during the peak fitting. During the experiment no abnormalities have been not

1000 |
800 |
600 |-

400

Intensity (counts/s)

200 "

O"....;....l....i....El....l....|E....|.T

100 120 140 160 180 200 220 240

Raman shift (cm™)

Figure13: RawRaman spectra in the range fi
100250cm* at temperatures from 12ZBOK.

Nevertheless, the jump at 2R0and 20D K is likely to be a result of aiscontinuity in the
experimentmaybecaused by bad fosing. The maximum at 180 instead could indicate that
something is happening inside the crystal at low temperatérdsnt could be haBizocm’
exhibits a minimum at 14& and increases significdptwhen cooling further downlhus, there
is a growingdynamicaldisorder at lower temperatures. This behawlould be examined by
doing further low temperature experiments with amphiboles.

On heating, the peak positions gradually shift to lower waveeusnln nitrogen, they recover
when cooling down to room temperature. In #ie peakst the final room temperatusppear
slightly shifted to higher wavenumbeReak 2 shows a minimum in the peak position at K00
This could be indicative o& changen the geometry of th&1 O octahedravhich occurs when
smaller F&" cations replace larger Fecations.The FWHMs of peak 2, 3, and 4 gradually
increase with higher temperatures in nitrogen as well as in air. Peak 1 in contrast slightly gets
narrower inair and slightly broadens in,NAfter cooling down to room temperaturenitrogen,
all FWHMsrecover.In air, peak3 and4 appeaia little broader.
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The evolution of thdractionalintensitieswith temperaturef the peak 1, 2, 3 and 4 can be seen
in Figure 15. 1, 120cm™ gradually decreases with increasing temperature, Mifilgcn’, In 179cm:
andl,, 22ocm' slightly increase.r air peak 1 disappears abol&50K and does not recover when
cooling down toroom temperatur¢Figure 15, Figure 16). This vanishing could beaused by
temperature induced diffusion of cations, whiclads to site occupancy disordet.ig$ also
possible that peak 1 is directly related to the amount TfdEehe C site.

Peak 2appears with a decreased fractional intensity in the final spectfignre 15, Figure 16).
The normaked intensitienf peak 3 and peak ¥h contrast havéncreasedThese changes in
intensity should béirectly related to the amount okidized iron.
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Figure 16: Initial and final Ramanspectrum at roo
temperature in the spectral range from-280cm™. Foi
the sake of clarity, the spectra have been normalized
strongest peak in the spectrum (peak 17) and are
vertically.

Taking a look at the other peakbservedn the otahedralMOs modein the initial and final
spectrum at room temperatures following changes should be noted: A new peak is observed at
~292cm’. It may have been present before the heat treatment but has not been fitted due to its
weak intensity and pé&aoverlapping. Furthermore, the fractional intensities of the peaks at
~302cm’ (peak 6) and ~398m™ (peak 10) hee slightly decreased, while thoséthe peaks at
~372cm’ (peak 9) and at416cm™* (peak 11) have increased.
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3.1.2 The Si&s-ring breathing mode

The temperature trends of the phonon wavenumbend the FWHMs of peak 17 (~678m™),

the most intense peak in the whole speutrare displayed ikigure17. At low temperatures,

shows the same behar as the peaks in the M®node: a shift to higher wavenumbers with a
maximum at 16K and also the values at 2R0and 24 K deviate from the trend line.

On heating, the peak position gradually shifts to higher wavenumbers while the FWHM
increases. In nitrogen, this evolution is linear and reversible by cooling down to room
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3 at 1300K after 30 minutes. If not visible, therer bar:
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temperature. In aif, g73cm €xhibits a minimum 81250K, thus, 50K after] 160cm™. This could

be indicative fo a change in the ring geometry, since the,8ify has to adapt to the shrinking

of the Fe@ octahedrgDella Ventura et al. 2018)his adaption suggests that the oxidation is
irreversible After cooling down to room temperature the peak appsanggher wavenumbers as
initially, which can be explained by the stronger interaction between trivalent iron and its
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surroundings. Additionally the FWHM has slightly increased due todgmamical disorder
caused by the heat treatment and/or by oxidamhdeprotonation.

The evolution of the fractional intensity of the SiQ- ring breathing mode cannot be displayed
properly by consideringnly I, s73cri” (Figure 18) because # lower energy shoulder near
655cm* (peak 16)could not be fitted consistently. By addingegzzcm™ and Iy gsem - (Figure 19)
this problem can be solved. Now it @bserved that the normalized intengitfythe SiO,-ring
breathing modslightly increases up to 430in nitrogen and up to 50K in air and then slighy
decreases towards higher temperatures. |rtharintensity drops off sharply at 1380 thus, at
the same temperature at whiclzscm' is shifted to higher wavenumbers due to the assumed
change in the ring geometry. After cooling down to room teatpeeg, the fractional intensity is
still reduced. This suggests that the adaption of the-&i@ to the smaller size of Feleads to
diminished vibrations in this mode.
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Considerinaall the peaksscribed to the Sigbending (456750cm™) in the spectrum recorded
after cooling to room temperature several changes are obsefigut€ 20). New peaks have
appeared at ~46&m*, ~512cm™, ~574cm’ and ~60@m™. The peaks nea82cm™ (peak 13)
and neab64 cm* (peak 15) cannot be seen anymore. The apparent vanishingkof peaay be
due to peak erlapping. The fractional intensity of peak 1§46 cm™) has strongly increased.
All these changes should be somehow related to the presence of trivalent iron.

Intensity (arb. units)

§4jsz 531564 65?8 673 71310 T
: s | f oy iy iy y 1 L N R | " L 1 1
500 600 700 800

Raman shift (cm™)

Figure 20: The initial and final Ramaspectrum at roo
temperature in the spectral range from-880cm’™. Fol
the sake of clarity, the spectra have been normalized
strongest peak in the spectrum (peak 17) and are
vertically.
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3.1.3 The SiOq stretching mode

The temperature dependence of the two dominant peaks in thest8€@hing mode (peako,
~930cm* and peak 22, 2057cm™) in nitrogen and air is displayed Figure21. Regarding the

peak position and the FWHMs, peak 19 and peak 22 show the sdmleaviour on cooling and
heating as the peaks discussed so far. With increasing temperature, they gradually shift to lower
wavenumbers and get wider. Discontinuities in the FWHM of peak 19 may be caused by
unsteady fitting of the overlappimeighborpeak at ~9@ cm™ (peak 20). On heating in air the
FWHMs start to increase more strongly above 1KQhdicating a growinglynamicaldisorder,

which should be due to the delocalization dtibhs and electronfDella Ventura et al. 2018)
Meanwhile] gzocm’ reaches a minimum at 1280and] 10s57cmt at 1300K in the spectrum
collected after Bninutes After 30 minutes peak 22 is shiftedl lhigher wavenumbers agaifss

for the peak at ~678m™ (peak 17) this minimum in the peak position may indicate a change in
the SiQ-ring geometry as an adjustment for the smd#&f cation(Della Ventura et al. 2018)
However, it should be noticed, that abd#)0K the background noise was strongly increased.
Therefore,the errors in some peak positions dd/HMs are large. More higheimperature
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( s quar e sand air.)Theivalueshbtained after the final cooling are disglay diamonc
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experiments wh the same actinolite sampd@ould be mad& confirm the observed behavio
After cooling to room temperature peak 19 returns to its initial position, while peak 22 appears
shifted to lower wavenumberdhe SiOs-tetrahedraare sensitive to the occupation at the
M(1D)M(2)M(3) sites (see the connection iRigure 1). Cationswith higher electronegativity are
expected to cause a shift to loweavenumbers in the Sitretching mode, because they will
strengthen th&1-O bond in theM-O-Si linkages and hence weaken the® bond Therefore the
observed shift of peak 22 should be indicativetiier presence of Eeatthe Gsite.

The fractional intensityof peak 19 slightly decreases withcreasing temperaturevhile the
fractional intensity of peak 22 increas&sglire 22). Above 120K |, 930cm - increases slightly,
In10s7cm- Strongly. These intensified vibrationsnay be due to thelelocalizationof H'-ions and
electrons
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Figure22: Temperature dependencel@bszocm™ andln10s7¢m in N2 and Q. The symbol coc
is the same as iRigure15.

Considering the whole spectral range where the, Sif@tching vibrations are active, two new
peaks are observed in the fispectrum at room temperaturéiqure 23) at ~897cmi* and near
1170cm™. The peak at ~898m* possibly can be seen also in the initial spectrurhjtbmas not

fitted because of its weak intensity. A similar peak is observefipmpei and Buzgaf2010)at
891cm’ and 892m™ in two actinolite samples that are supposed to contain only divalent iron.
Therefore it may be enhanced in intensity but not generated by the presence of trivalent iron in
the crystal. The new peak near 1XF0" in contrast is likely to be generated tnetpresence of

Fe**, since it is observed neither in the initial spectra recorded in this study, nor in Raman spectra
of other F&" free actinolite samples found in literaturowever, it is also possible that it arises
from photoluminescence and therefdhe sample should be-egamined by a laser with another
wavelength.
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3.2 Raman scattering of the O -H bond stretching mode:

The O-H bond stretching vibrations are strongly influenced k& ¢hemical composition of the
C-site since eacloH-group shares O with one(1)Os-M(1)Os-M(3)Os octahedra tripletdee
Figure 1). Moreoverthe occupancy of the -8ite and Bi{1(4))-site should have an influence on
the GH bond stretchingLeissner et al. 2015)

Figure24 showsthe range fron8570-3770cm’*, wherethreesharppeaksappearin amphiboles
with space grouit2/m and Md" andFe** at the Gsite and vacant Asite may occur up to four
peaks in this range depending on the’Vie** ratio. Each peak can be related to one of the
possble chemical configurations ahe M(1)M(1)M(3) sites that are MgMgMg, FeMgMg,
FeFeMg and FeFeF@urns and Strens 1966Yhe nomenclature FeMgMg also represents
MgFeMg and MgMgFe and the designation FeFeMg includeg-de and FeMgFelhe
electronegativity of F& is higher than the electronegativity of Kig which leads to
strengthening of the catiesxygen interaction within the Mg{octahedron. Irreturn,the OH
bond strength decreases. Hendbe OH-stretching peak related to iron containing
M(1)M(1)M(3) sites appeashifted to lower wavenumbers.

In the Raman spectrum of the studied actinolite sanmglepeak at 3678m™ is assigned tthe
configuration MgMgMg the one at 3656m* to FE€*MgMg and the peak at 364#n™ to
Fe"'Fe*Mg. A peak corresponding t6e”* Fe*"Fe?*-OH is not observe¢Figure24).

A broad fourth peakarisesnear 3717cm’™, due to the influence of the partly filled-gite
(*(Na'p1K*0,00)) on thevibration of theO-H bonds. Since OHi A-catiori WOH species are
expected to b@bservedshifted by ~60cm* toward higher wavenumbers with respect to the
WOHi A-vacancyOH species(Leissner et al. 2015)this peak should be assigned tte
configuration FE*MgMgi OHi A-site.
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According toLeissner et al(2015)the content of nagnesiumand divalent irorat the Gsite can
be calculatedvith:

og .. ke ka-
og .. #e s Zkaea

Mg* raman=

and
Fez+* Raman= 11 MO*Raman

where Iyvmv IS the fractional intensity ofthe MgMgMg peak, Irpqm = fractional intensity of
Fe*MgMg peak, Ieem = fractional intensity of the B&e*Mg peak and Iger = fractional
intensity of the FEFe*'F&** peak.

Assumingthat Mg andrFe?* randomly occupy the K1), M(2) and M3) sites, he amount of Mg
and Fé&" occupying the Gsite calculated with the fraction®aman intensities can be compared
to the result obtained by electron microprobe analysis (EMit)(Leissner et al. 2015)

-G
Mg*EMP:# i C&A
and

) #8. A
e Can

Following this proceduréhe Gsite content of Mg and Eeof the studied actinolite sample was
calculatedusing the fractionalintensities obtained from thétting of the initial spectrum
recorded at room temperature in.dihe uncertainties in the Mgina,and Fé"RamanvaIues were
calculated from theerrorsin the fractionalintensitiesoriginating from the fittings.The values
obtained from the fractional Ramamtensities are in good agreement with the EMPA values
(Tableb).

Table5: C-site Mg and F& calculated from EMR and fractional Raman inteitiss.

Mg* EMP Mg* Raman Fe2+* EMP Fez+* Raman

0.891] 0.815+0.097 0.109| 0.185+0.097
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It was considered if alsite influence that Bsite cations have othe GH bond vibrationsould
be observedAccording to calculations based on electron microprobe analysigtasBasite of
the actinolite sampleused in this studys occupied by 1.74pfu C&*, 0.24apfu Fé* and
0.02apfuMn?* (Leissner 2014)F¢*" andMn?* are too similar regarding their outermost electron
shells ad ionic radii to be distinguished from each othEherefore, in the following when
speaking offFe?", BMn?" is included.lt was considered if it can bdistingushed between the
vibrations arsing from®Ca*-M1M1M3-OH and ®Fe*-M1M1M3-OH linkages Assumng that
there is a subtle peak splittirpme spectra were fitted with two additional peaks located
~3653cm’ and~3668cm* (Figure 25) representing the Bite Fé" influence If these peaks are
true it should be possible to calculate the distribution of @ad Fé" on the Bsite (Leissner
2014) Therefore,the percentage othe fractionalintensities of thehighe and the lower peak
was determinedn the Raman spectrum recordédt@om temperaturéhe MgMgFé*-OH peak
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is composed 0f2.8 % lower peak (Bsite Fé") and87.2% higher peak (Bsite C&"). This gives

0.255apfu Fé" and 1.74%pfu C&" what almost perfectly matcheke electron microprobe
analysis calculations For the MgMgMgOH peak the calculation gives 0.18fu Fé" and

1.82apfu C&*. Here the resudt donot fit so well the electron microprobe data. Calculations
were made for speet at various temperatures to checthdre carbe seen anirend. The results
are shown irFigure26.
Although some values match the theory of peak splitting due-s@eBinfluence the overall
results do not show evidence that the additional lower peaks ard@ dragoidoverinterpretation
of the data the spectra fitted without the additigpesaks were used in this study.
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Temperature dependence of phonon wavenumbers, width s and fractional
intensities of the OH-stretching mode
The temperature dependence of the phonon wavenumbarsd FWHMs3 is displayed in
Figure 28 and Figure 29. For every peak the peaks positian gradudly shifts to lower
wavenumberswvith increasing temperatures while the peaks become broadersfdussthat
alsothe OH bonds get weaker and tdgnamicaldisorder incrases during the heat treatment.
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Figure29: Temper ature dependence of 3prhNy and @ of the
peaks near 3644 chic) and 3717 ci (d). Thesymbol code is the same asFigure14.

The fractional intensitiesf the OHstretching peaks barelshange when heating in nitrogen
(Figure30). On heating in air in contrast can be observed that something is chafigimg81).
Above 1150K the peaks disappear one after the other. At 1300 signal form the €H bonds

is measured anymore. About 1RMefore vanishing theWHMs of all the peaks assigned to the
M(1)M(1)M(3) sites and thentensities ofthe FeFeMgand FeMgMgpeaknormalized to the
intensity of the framework vibrationsach their maximumwhich indicates the onset of H
delocalization(Della Ventura etl. 2018) Apparently hydrogen cations related to the FeFeMg
triplets start to delocalize at 110Q that related to the FeMgMg tripkeat 1150K and that
related to the MgMgMg triplstat 1200K. This shows thathe ease with thatH® cations
delocaize depends on the Fe content at th@)M (1)M(3) sites. Since the electronegativity of
iron is higher than theelectronegativityof magnesium, P& cations bond stronger to the
surrounding oxygen atoms, which vkeas the GH bonds.
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After cooling down taoom temperature, the fractional intensities of the MgMegbdégk and the
Fe"'Fe"Mg peaks are increased compared to the initial intensitieefifgMg-A site peak
appears witha decreased intensity antiet Fé"MgMg peaknear 365&m™* can not be seen
anymore This partial recovery can lexplained by following thédeathat the dehydroxylation
reaction in Febearing amphib@s proceeds in different stepgsccording to this, when heating
up to 130K all electrons and hydrogen cations in the studied atenshmple are delocalized
but only some have left the crystal.
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3.2.2 Final spectrum after heating in O »
In the spectrunmecordedfinally after the heat treatmeiitis remarkable that near 365&1* no
peak can be seeranymore (Figure 32). Thus, no vibration fromFe#*MgMg-OH bonds is
observed. The peak related to thé"Fe*Mg-triplet (~3644cm’) is still present but has become
broader and its intensity hasncreased The peak associated with the MgMgMgplet
(~3673cm?) hasbroadenedslightly. The peakarisenby the vibraion of the Fe#*MgMg-OHi
A-sitelinkage (~3717cm™) appears strongly shifted to lower wavenumtars3693cm* with a
decreasedrWHM and intensity This shift to lower wavenumberscan be explained by the

Intensity (arb. units)

3717cm’
RT initial
e P

PR S I T R T SR NN SR TN U T [T SR SR SR S N
3600 3650 3700 3750
Raman shift (cm™)
Figure 32: Initial and final Rama spectrum
room temperature in the range from 3t
3770cm™. For the sake of clarity, the spet
have been normalized to the intensity of
strongest peak in the spectrum (peak 17)
are offset vertically.
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Figure 33: Different local configuratior
at theM1M1M3 triplet before (left) an
after (right) oxidation. Olive greem(1)
octahedra, light blueM(3) octahedr:
This figure was prepared using
VESTA software packagéMomma an
Izumi 2008) (Color online)

change of the chemical configuration to*®gMgi A-site with two YOH instead of three
(Figure 33). When Fé" is replaced by F& in the M(1)M(1)M(3)i A-site species, the stronger
M(1),M(3)-Og interaction leads to weakening of theHbonds. The decrease in intensity should
be due to thereduced amount of OHgroups The same logiccan be applied to the

Fe"MgMg-"T

conf i When & tsichmmged to FéMgMgi T, the corresponding peak

should appear at lower wavenumbers with a decreased intensity. This would explain the
increased intensity and the strobgadening of the peak near 362, It is most probable
composed of two components: one corresponding to the chemical configur&tibe’ Hdgi 1 ,

which shoulchothavechanged, and the other corresponding to the configuratfSmMg®g-"T .
According to this,the oxidation of M1)M(1)M(3) species containing only one Fecation
happens before the oxidation of those containing tvid degions.
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In Table 6 these assumptions are listed. Furthermore the percentage decrease of the fractional

intensities was calculatedccording to the calculations, the FeMgM{ peak is reduced by

~53% and the EMgMgi A-site peak by ~906. This difference could be explained as follows:
OH-groups prefer to be next to-gite vacant NIL)M(1)M(3) species for having more space.

ThereforeH" cations ofOH-groupsattached to NIL)M(1)M(3) sites next to filled Asitesshoud

be preferentiallyejectedfirst.

Table 6: Chemical configurations andractional intensities of the peaks near 36z”,
3659cmi* and 3717cm’ before and after the heat treatméftie fractional intensitiek, are the
intensities obtained from the fittings normalized to the area of the wholsti@t¢hing region.

g::%z?:g;'sa' Fe2+Fe2+Mg'|'1AT Fe*"MgMgi fT Fe*"MgMgi A-site
~364 cm ~3659cm 3717cm’
andwavenumbel
E;nn?:gcuﬁ:l?;al Fe'Fe " Mgi :\T Fe**MgMgi ‘:T Fe**MgMgi A-site
~3644cm < 3659cm 3693cm*
andwavenumbel
I initial ~0.08 ~0.38 ~0.042
I final fro?hﬁ‘g ngfgs ~0.26- ~0.084 0.18 ~0.004
0.18 0.004
|, decrease (%) |  should nothange 10780 %% 1 50% Y
E ~53% E ~90%
Following the idea that the amount of oxidize ' ' T ' T
iron at different temperatures could tetermined 0.4} i
by using the fractional intensitiethe FE*raman
ratio was calculated for increasingmperatures !
applying the procedure discussed earli@dhe 92T 5..----"' wFath = )
results arepresented irFigure 34. Unfortunatey ;5 _ o
the errors are too large &low any assumptions NL?_J F Fe? eyp
The value obtained from the intétiss in the final I T
spectrum lieswithin the error of the initial
Fe’*ramanratio. Since the observazhanges in the 02l ]
spectra indicatghat iron has been oxidized, th . . . . L]
content of F&" should have decreased 250 500 750 1000 1250

Figure 34: The FE™* raman Fatio at increasir
temperature§DZepresents the E&aman ratic

Temperature (K)

after the heat treatmgnt
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3.3 Phonon thermal expandability

Since all the peak positions show a linear temperature dependeee e.g.Figure 14)

¥ ( EXo+ (d¥/dT)T, the phonon thermal expandabillly = ( d ¥ § for Egcti phonon can
be calculated from the linear curve fit ®f( T\Watenphul et al. 2017)rhe phonon thermal
expandabilityUy in actinolitewas calculated for severfitameworkpeaksand for thepeaks in
the OHstretching mode The values obtained fot), were plotted against the phonon
wavenumbersKigure 35). Due to the discontinuities at low temperatures in nitrogen the phonon
thermal expandability was determinéar thetemperaturegange from 30K to 850K. For better
comparison also in air only the temperature range 866K to 850K was consideredl'he data
show thatthe thermal expansion gfhonons observed &wer wavenumberss largerthan the
thermal expansion gbhonons observed &ighe wavenumbersThe chemical entitiethat are
the most resistant to temperature increase areHé@nds, followed by the Siring, which is
more temperature resistant than thdividual SiOs-tetrahedraThe octahedral modes aleast
resistant toncreasing temperatures. Thagnon thermal expandability O, compared to that in
N, reveals that the dynamic instability of the structure is higher when heating Trhaitargest
deviation exhibits peak 1(120cm™), which, as discussed in chapter 3.1.isappears at
temperatures above 1180and does not recover when cooling down agBwth indicates that
this peak is very sensitive to temperatim@uced changes within the crystal.
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Figure 35: The honon thermal expandability,
calculated for several phonoimsN, and Q
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4 Conclusions

This study shws the thermal behaviof phonons in actinolitet temperatures from 100to
870K in nitrogen and from room temperaturet800K in air. In general, actiolite shows the
behavio expectedor a material wih a positive thermal expansionith increasing temperature
the chemical bonds weaken and ffgonon decay increasethe calculated phonon thermal
expandability shows tlhidhe OH bonds are the most resistant to temperaheeease, followed

by the SiQ-ring, then the SiQtetrahedra and last the octahedral modes. Furthermore it is
revealed that the dynamic instability of the structure is higher in air thap in N

On cooling in N, an anomaly in the trend of all peak posisas observed: below60K, the
peaks gradually shift back to lower wavenumbers. There is no sound explanatibarifetr
studies should be made examining amphiboles at low temperatures.

Differences that could be observed between heating in nitrogeraiamdainly concernthe
development of the total intensity of the vibrabmodesn the crystal. In Nthe total intensity
barely changes while in air it decreases up to K@hd then increases on further heating to
850K before decreasing strongly laigher temperatureSince in this study temperatures higher
than 870K have not been reached in,Nhe temperature range above cannot be compAled.
changes emrging on heating in nitrogemeareversible upon cooling to room temperatdeer

the heatreatmenin air in contrasthe sample appeairseversibly altered.

On heating in air,lte evolution of the intensities ithe OHstretching range indicates that the
delocalization of hydrogeoations starts @100 K. At 1300K no signal from the Okstretching
peaks is observed anymore, which implies &ibH" cations are delocalizeat that temperature.
When cooling down to room temperature, a partial recovery of thesté@thing peaks is
observed. This indicates that only some delocalized hydrogen cations have been ejected from the
crystal and the othersave rebondedThus, the temerature of complete dehydroxylation of
actinolite atatmosphericpressurelies above 130&. To determine thdemperature of total
dehydroxylatioranother study with the same actinolite sample should be made.

Several features in the spectrum recorded finally at room tempenadicate that some divalent
iron has be oxidized to trivalent iroffhe stronger interaction of Fewith its environment
strengthens the bonds Wit the F&'Og octahedra while other interactions weaken. This is
revealed by the shift of the peaks arisen from octahedral \Wiations to higher wavenumbers
and the shift of the Sigstretching peak at 10%m™ to lower wavenumbersMloreover he
peaksassociated with the chemical configurad®MgMgi*l  a n*8VigNFgeA-site appear
strongly shifted to lower wavenumbers with a decreased intensity, which indicates that the
configurations have changed to’fdgMgi I a n*8MgNfgeA-site. The peak relateih the
Fe*'Fe*Mg-tripletsis observed at its initial position. Therefore it is assumed that only divalent
iron located at FéEMgMg-triplets has been oxidizedsurthermore, theMOg and SiO,-ring
geometryhas slightly changetb adapt to the smaller size thfe F&*-cations. This is indicated

by a minimum in the peak position of the peak at ~A®0 at 1200K and of the peak at
~637cm* at 1250K. In the final spectrum at room temperature the peaks appear at higher
wavenumbersNew peaks are observed ne2@2cm?, 465cm™, 512cm™, 574cm™, 600cm™,
897cm™ and 117@&m™, whereby the peaks nea®2cm® and 897cm™ may be not new but
increased in intensity. Theew paks should be indicative fdhe presence of trivalent iron
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