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In this work, a first detailed Raman spectroscopic measurement study of natural
magnesiochromites from a multi-textural ophiolitic chromitite sample from Harmancik
district in north-western Tiirkiye has been presented to characterize the Raman spectral
features of Turkish high-Cr ophiolitic chromitites. The magnesiochromites in the multi-
textural chromitite sample has an almost uniform composition, with Cr,03, Al,O3, and
TiO, contents being 62.02 wt%, 9.18 wt%, and 0.14 wt% in average, respectively. Cr#s
are 0.82 and Mg#s are 0.65 in average, in the ranges that of typical ophiolitic chromitites
of boninitic to arc-related affinity. Despite this uniform composition, three distinctive
Raman spectra morphologies (Types I, II and III) are determined. Of these, the Type
I spectra is by far the dominant. Three common main band clusters are defined (BG-
1, BG-II and BG-III) for all of the morphological types. The BG-I (~385-605 cm™)
and BG-II (~649-739 cm™') are the main clusters that incorporate the high intensity and
descriptive peaks and shoulders. The BG-III includes the very low intensity broad bands
around 1122 to 1763 cm’!, considered as overtones of the BG-I, and BG-II. Four of
the several bands in the BG-I and BG-II has been assigned to the A;, (~690 cm™),
F2,(3) (~605 cm™), Fp,(2) (~555 cm™!), and E, (~470 cm™!) modes of spinel. Of the
several un-assigned bands, the ~730 cm™' band has been interpreted to be related with
the high-Cr nature of the studied sample. The variance in this band’s intensity has been
interpreted to be related with concomitant or post-crystallization textural arrangement
and the plastic mantle deformation. This result emphasize the viability of a preliminary
approach on orientation of the magnesiochromites in the ophiolitic chromitites via
Raman spectroscopy, if the composition variable can be constrained.

Keywords: magnesiochromite; ophiolitic chromitites; Raman spectroscopy; band
assignment; north-western Tiirkiye.

INTRODUCTION spinel (chromite, magnesiochromite and zincochromite

Certain types of ore deposits need precise acquisition of the spinel group) is an utmost tool for understanding
of the descriptive characteristics of ore minerals in order the genesis and environment of occurrence. The chemical
to construct a clear understanding of the ore-forming composition of the natural chrome spinel varies widely as
processes. This especially, is important for the only sources the A and B cations in its AB,O, structure corresponds to a
for the strategic chromium metal, the chromite deposits large variety of divalent and trivalent ions (A: Fe?", Mg?*,
(a.k.a., chromitites) where the characterization of chrome Mn?*, Zn** and B: Cr’", AP** and Fe**, respectively).
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This variance allows tracking of the magmatic and/or
metasomatic processes that have been effective during its
formation and following post-magmatic stages.

Most applied in-situ analytical methods for chemical
characterization of chrome spinel are the electron probe
micro-analysis (EPMA), and the laser-ablation inductively
coupled plasma mass-spectrometry (LA-ICP-MS).
However, Raman spectroscopy is also being explored
as an additional useful method for characterization of
the spinels for some time. Raman spectroscopy works
by laser-excitation of the target of interest and detection
of the scattering to reveal the Raman-active vibrational
transitions, providing a suitable set of data for detection/
characterization of mineral phases in geologic occurrences.
The vibrational modes create bands (peaks) in the Raman
spectra and observation of the characteristic band
positions helps to identify the target phase. Additionally,
variation in the spectral band positions and widths (full
width at half maximums-FWHMs) reflect the target
phase’s compositional variation and/or stress/strain, and
crystallinity state, respectively. Hence, for characterization
of Raman features of the chrome spinel, a holistic handling
of spectra is necessary. In this context, research on Raman
spectroscopic data for natural and synthetic spinels, and
several solid solutions characterizing the spinel group
system has been ongoing for decades making up a large
literature including determination of characteristics of
spectra, Raman-active modes, and spectral modifications
in relation to the compositional variance of the group
members (e.g. McCarty and Boehme, 1989; Malézieux
et al., 1983; Wang et al., 2002; Reddy and Frost, 2005;
Yong et al., 2012; Lenaz and Skogby, 2013; Lenaz and
Lughi, 2013, 2017; D’Ippolito, et al., 2015; Kharbish,
2018, Kaliwoda et al., 2021). This literature summarizes
that Raman spectroscopy may be an important method for
research on the formation of chromitites.

To the author’s knowledge, there are no comprehensive
Raman spectral datasets from chrome spinel of the Turkish
ophiolitic chromitites. One Raman spectral dataset in the
literature presents composite Raman spectra obtained
during laser-excitation of minute lamellar diopside
inclusions within magnesiochromite (cf. Akbulut, 2018).
Nevertheless, in that work Akbulut (2018) has discussed
the magnesiochromite band positions in the composite
spectra only to describe the determinative band positions
for the diopside micro-lamellae.

This current study aims to present a first detailed dataset
of Raman spectral features from magnesiochromite grains
of Turkish chromitites. For this purpose, a single natural
high-Cr chromitite sample from north-western Tiirkiye is
selected. The selected sample provided from a chromite
mine in Harmancik (Bursa, NW Tiirkiye) includes dunitic
orbicular (a.k.a. grapeshot ore, cf. Bilgrami, 1963), semi-

massive and massive textures, and was discussed earlier
by Akbulut (2018). Both compositional and Raman
spectral datasets of unzoned and fresh chrome spinel
grains from several selected parts are gathered from this
single sample, in an attempt to omit the spinel chemistry
variable that is a strong control on Raman band positions.
By this, it is aimed to leave more room for discussions
on other constraining features for the Raman spectra,
as unaltered magnesiochromite grains in a given single
chromitite sample is usually expected to present almost
homogenous chemical compositions. This work hopes
to be a start-up for future possible work for describing
characteristic features of Raman spectra for Turkish
ophiolitic chromitites, and expects to contribute to the
growing literature on Raman spectroscopy of geological
materials.

GEOLOGICAL SETTINGAND DESCRIPTION OF THE SAMPLE MATERIAL

The geological setting of modern Tiirkiye is an outcome
of the closure of the Tethys Ocean and the formation
of the mid-western segment of the Alpine-Himalayan
Orogeny during Palaeozoic and Cenozoic (Figure la).
This complex closure process has resulted in occurrence
of three main sutures zones (Izmir-Ankara-Erzincan,
Inner-Tauride, and Bitlis-Zagros Suture Zones; Figure
Ib). These suture zones mark the amalgamation fronts
of the continental and oceanic fragments of the Tethys
realm and can be traced along E-W trending three main
ophiolitic belts, namely the northern, Tauride and peri-
Arabic ophiolitic belts (Figure 1b). These ophiolite
belts are generally composed of tectonically emplaced
fragments of the oceanic crust and lithospheric mantle
(ophiolites) and their intensely tectonized counterparts
(ophiolitic mélanges). The peridotite massifs of these
belts, comprising the ultramafic cumulates and the
mantle tectonites, host a significant number of ophiolitic
chromitite occurrences that are long-time exploited as
high-quality chromium metal sources.

One of these peridotite massifs is found at the north-
western part of the northern ophiolite belt, around
Harmancik (Bursa, NW Tirkiye; Figure 1 b,c). These
peridotite nappes of mantle tectonites, mainly made
of moderately to strongly serpentinized harzburgite
and dunites that have thrusted over the Palaeozoic
HP-LT metamorphic basement rocks (blueschists and
accompanying recrystallized carbonates) of the Tavsanli
zone during Upper Creataceous era with the subduction
of the Neotethyan oceanic realm (cf. Uysal et al., 2014
and the references therein, and Akbulut, 2018). The
ophiolitic chromitites of the Harmancik peridotites occur
within the dunitic hosts accompanied and surrounded
by harzburgites, and form pods, lenticular and tabular
shaped geometries, and occasional schlieren structures

A pM



Raman spectral features of magnesiochromite from NW Tiirkiye

Western Segment of the
Alpine-Himalayan Orogenic Belt

. .
=" Plate Boundaries

Carpathians
L A

MOESIAN PLATFORM

N

Srednogorie

) Thrace

iges
s PO Suture 4
NE  gese™  cat
I

\stanbu! Zone
2
zmir - Ankara -7

5 A A —cT
g i Pt o

=3 A <
s gAAnkara - Erzincan

4 -
e ) ‘
Wrpe

Os.
ARABIAN PLATFORM Su,, X
s \

I ophiolites
_b—4_Vergence of major fold and thrust

5—4 Former subduction

=

Dead Sea Fagy

»—4 Active subduction
5/ 40, 44,
C LEGEND
f [ Ataviam
= e Unconformity
— Cenozoic l:l CT;rSI?iimus
2km
+ + itoi
PR Granitoids
® Camoglu = ————  Unconformity

Metaclastics and
Metacarbonates

39°42'N
Ophiolitic Mélange

Harmancik
Y Mesozoic - Basalt-Spilite

Serpentinized peridotites
(undifferantiated)

- Marble
Paleozoic |:- Schist

/ Thrust Fault

o Settling area

02 g" |
39°39'N Tectonic Contact

Kozluca
* Mine site/Sample location

39°36' N

29°03'E

Figure 1. a) Globe and map sketches illustrating the location and distribution of the western segment of the Alpine-Himalayan Orogenic
Belt. b) Paleotectonic terranes and major sutures of the Eastern Mediterranean (after Tavlan et al., 2011 and Akbulut, 2018). The
northern, Tauride, and the peri-Arabic ophiolitic belts (1, 2, and 3, respectively) of Tiirkiye are roughly traced along the ophiolites.
¢) Simplified geological map of the surroundings of the source mine site, after Akbulut (2018) who established the imagery from
Geoscience Map Viewer and Drawing Editor of General Directorate of Mineral Research and Exploration (MTA) that utilize the

compilation of geological map of Tiirkiye by Akbas et al. (2001).
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that present disseminated, semi-massive, massive,
nodular, and rare orbicular chromite textures typical to
the ophiolitic chromitites (cf. Akbulut, 2018). Any or
all of these textures can be found in a given chromitite
specimen. During Neogene, these peridotite nappes has
been unconformably covered by terrestrial sediments and
accompanying coal formations (Uysal et al., 2014), and
later, all these lithostratigraphic units are unconformably
overlain by Quaternary deposits.

The chromitite sample studied in this work was
provided by the company officials of a chromite mine
located just northwest of Harmancik town (Bursa, north-
western Tirkiye, Figure Ic). The sample including
dunitic orbicular, semi-massive and massive ore
segments was described earlier by Akbulut (2018) in
detail. The orbicules are composed of spherical/elliptical
dunitic shells surrounding almost silicate-free chromite

nodule cores (Figure 2 a,b). These dunitic orbicules with
chromite nodule cores are surrounded by a concomitant
and/or following stage of chromite accumulation that is
densely packed outwards gradually. This forms a semi-
massive to massive chromitite envelope for the dunitic
orbicules. Akbulut (2018) notes that the accumulation
semi-massive to massive chromitite envelope also seems
to have resulted in flattening of the dunitic shells finally
resulting in their structural failure and incorporation in
the massive chromitite. Akbulut (2018) had inquired the
textural and other observations on the sample for possible
macroscopic clues on deep-mantle recycling processes;
however, he could not reach to a definitive conclusion due
to conflicting findings. Hence, the textural observations in
this study will only be considered descriptive for a multi-
stage formation process that incorporates at least one
semi-plastic deformation stage.

Figure 2. a) and b) Images of the studied chromitite sample with intriguing dunitic orbicular texture.
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ANALYTICAL METHODS

Selected pieces of ore segments from the studied
sample were cut, were embedded in epoxy resin, and
then polished. Four ore blocks (sample blocks 1 to 4),
polished at the Dokuz Eylil University Geological
Engineering Department (Izmir, Tiirkiye), were subjected
to petrographic, compositional and spectroscopic
analysis. Reflected light microscopy work for the areas
of interest was conducted at the same facility using Leica
DM2500P and Nikon E400POL microscopes. A special
care was taken for the selection of these areas, in order to
take the chromite grains from different textural segments
into account.

Chromite grains in those areas of interest (e.g., Figure 3
a,k) were analysed for their major elemental compositions
by a JEOL JXA-8230 electron micro-probe (EPMA) in
Central Laboratory of Middle East Technical University
(Ankara, Tirkiye). EPMA analysis were completed
from 36 points. 20 kV acceleration voltage and Sp probe
diameter were selected. Standards for Mg, Al, Fe, and Ti
elements were selected as MgO, Al,O3, Fe,05 and TiO,,
respectively. Wollastonite and rhodonite were set as Si
and Mn standards. Metals of Ni, Zn, Cr, and V were used
for Ni, Zn, Cr, and V elements, respectively.

Micro-Raman spectroscopy of the chromites were
made in Central Research Laboratory of Izmir Katip

Celebi University (Tirkiye) utilizing a Renishaw inVia
Confocal Raman Microscope and Spectrometer. 35 of
the spots targeted during the EPMA work were analysed.
The excitation source utilized was a 532 nm laser. Grating
was set as 2400 line/mm, and 20x to 100x objectives were
used. Laser power impinged on the sample surface is set to
2.5 mW. Cosmic-Ray Events (CRE) peaks were removed
using CrystalSleuth software (Laetsch and Downs,
2006). Related literature and RRUFF Raman spectra
database (http:/rruff.info) were checked for inquiry and
selection of determinative bands for magnesiochromites.
Band deconvolution of the selected 17 obtained spectra
were made by Fityk software v. 1.3.1 (Wojdyr, 2010),
utilizing Voigt function after baseline treatment. Degrees
of freedom applied were between 2813 and 2843. The
curve-fitting process was iteratively performed using
Levenberg-Marquardt (LM) method until no better fit
could be obtained. The fitting performance for each
spectrum was evaluated via the reduced-y> and R? values
calculated for each fit.

RESULTS

Representative  mineral chemistry and Raman
spectroscopy data of the studied magnesiochromites
in this work are briefly introduced in the Tables 1
and 2, and Figures 4 and 5, respectively. Additional

Figure 3. a) Exemplary analytical areas of interest marked with yellow circles on the polished chromitite block. b) to k) shows examples
of the analytical points on chrome spinels which are used both for electron probe micro-analysis (EPMA) and Raman spectroscopy.

& py

25



Akbulut M.

Periodico di Mineralogia (2025) 94, 21-36

"S[TBIOP 10J 1X2) 23S "SUOISSNOSIP pue uostredurod 10y a1ay papraoid are pue (16,090
/RJIWIOIYO0ISAUTeW/OJ Ul JJ1LLL//:sdNY pue (96 /090 /QIWOIYD0ISouSet/0Ful L/ sd1y {66050 /NWOoIyd0Isausew/ojur jynLy//:sdny) Areiqry 11N oY} WOoJ SOIWOIYI0IsouS e
oIe SJuO0J OI[eI YIm pIjoudp sojdwes 9[noIqIo dnIuNp 9y} JO 9109 JB[NPOU Ay} Ul IWOIYI0ISIuUIew :(Pou) ‘UOHB[NWNIOE 9JIWOIYD SUIPUNOLINS Y} Ul dJIWOIYI0Isduew :(1ns)

12°0 080 89°0 80 80 80 80 80 £€8°0 €80 80 £€8°0 £€8°0 £€8°0 (IV+,2d+10)/(,2d+1D)
600 #0°0 €00 €00 00 €00 €00 €00 €00 €00 €00 €00 €00 €00 (IV+HID+,c2d/ o) #.¢°d
0 ro 0£°0 0¥°0 9¢€°0 SE€0 €0 Seo 1230 1230 SE€0 9¢€°0 Seo Se0 (BN+,2d/,2d) #.°4
LS°0 860 00 09°0 ¥9°0 $9°0 99°0 $9°0 99°0 99°0 $9°0 ¥9°0 §9°0 $9°0 (224 +SIN/SIN) #3IN
690 6,0 290 80 80 80 80 80 80 80 80 80 80 80 (IV+ID/D) #1D
8§96 196 r$L6 6¥°001  ¥T001 6500l TEO0OI 6S00I 9L°00I €666 [€001T  S0°00T 99001 8500l [e101,
- - - 0ro 10°0 00 L00 S0°0 €00 S0°0 10°0 Y00 ¥0°0 I1°0 ouz

- - - 7o 0oro 91°0 600 cro 14%0 7o cro cro y1°0 S1Io OIN
e8Il 1517 vLvl 61°CI 0€€l 19°¢1 6L ¢l 9¢°¢l 99°¢l 8V ¢l 9¢°¢l 8CTEl SSel el O3
- - - 123 L00 900 L00 L00 9¢°0 8¢°0 1o 600 600 L00 OUN
L6°1C 9I°81 rorl YI'LT Lyl 1489 yovl1 10°S1 SO°SIT €8l 42! 9¢°S1 1Sl 0€ST ‘024
1LY 92°9¢ £8°0¢ YT19 6979 029 8179 STT9 01r'co 819 L9 €8°19 €€79 L1'C9 toud
a9rl 6C01 £0°L1 LT'6 91’6 430 ST6 6C6 LT'6 90°6 ST6 606 80°6 0re touv
- - - L00 L00 11°0 600 600 oro L00 600 L00 600 cro ‘O0°A
0 600 - cro cro 910 €r'o y1°0 €r'o €ro cro 91°0 €r'o 1480 ‘oL
- - - 000 000 000 000 10°0 00 000 200 000 000 10°0 ‘ors

s pou pou pou pou s s s ms ms s
£6£090d 96,0904 6660504 6°C 8-C LC 9-¢ ST qv-c vyt €T q¢-c Vet 1-C ojdueg

‘uostredwos 10§ UdAIS (93rtwoayoorsaudew/ojur o/ :sdyy) Areiqrp I oY) Wolj ejep
QJIWOIYO0ISOUTLW [BUONIPPE PUB SOIIWOIYO0ISIUTeW PIsA[eue JO (VINJH) SIsA[eue-o1or 9qoxd uosod[d oy wodj ejep (SAM ) Anowonoads oA1s1adsIp YISud[oAem pajod[os '] d[qeL

;PM

=



27

Raman spectral features of magnesiochromite from NW Tiirkiye

.ﬁ.EoEEmmoz_m\,vmm@%&mm=<.E_Eoo%aomfommvsmnﬁb_msoaiHmoswivamomqobmoﬁ%m&%ﬁ.@woitoﬂéb

"Apnys sy} ur suni [eonAeue dy) 10J pasn A30[opoyjow wes Yy} 03 SUIPIOIdE PAN[OAU0IIP Ik e1dds JINMY (66£0S0U/QNwoIyd0Isaudew/ojul JynLy//:sdny)
[1 0 0] o 03 [o11Rd 19SE] 03 JR[NOIpUAdIad MIEW [RIONPY () () ) %& O3 [o[[eted PAIUILIO SI J3SE] dIYM ‘ATRIqI] J AN Y} WOIJ WOIYI0IsouTew pajudLio oy} woj (pazirejodop)
ejep uewey (4s) (L6L090%/WOIYD0ISOUSU/OIUl PNLL//:SANY (96,090 /QNWOoIyd0Isauew/ojul gniy//:sdiy) Areiqi] J4N¥Y Yl WOl paurelqo ‘sajtuoIydoIsaugeut
PAJUSLIOUN A} WO BIEp UBWERY :(,) "9[NOIGIO dNIUNpP Y} JO 210D IB[NPOU J} Ul AJIWOIYIO0ISIUSEW :(POU) ‘UONB[NWNIOL IWOIYD FUIPUNOLINS Y} Ul 9JIWIOIYO0ISdUTew :(1ns)

. __ . L8660  pLSIT | - - - 8LII 6SIT| 0#L TOZ 8S9 | 019 1SS £9S 6IS - #x66£0S0Y

890 0,0 190 £6660 LLI00 | - - - - - | zk. 869 #S9  S09 98§ 8SS £6k - «6650S0Y

80 v90 T80 TL66'0  9STI'T | - 6wl - - 6EI1| 6EL L69 ¥S9 | S09 8LS TSS LSy - | pou 8-C 111 2441

80 $9°0 T80 T9E60  ¥9L8'0 | €9L1 TTvl - - LTIT| 9€L TGO 0S9 | Y09 I8S SSS Sip S8E | pou LT

80 990 T80 9L660 16L0T | - - - - [TIT| OSL T69 1S9 | ¥09 0SS SSS 8Ly €6€ | pou 9-C

€8°0 §90 780 19660 66¥60 | - - - - STIT| ¥EL T69 0S9 | S09 0SS €SS 89y [Op | Ans Lo s 11 9dAL

080 8S0 640 06860 S0¥90 | - - - - POI| LS. F69 IS9 | L6§ 9/S 8§ - - £96.090Y

L0 L[S0 690 12660 69SS0 | - - - - 060[| ¥0. 989 8¥9 | 009 9LS SKS 89 - «L6L090¥

80 §9°0 T80 €L660  ¥TOOT | - - $8EI S8TI 9TIT| €CL T69 0S9 | S09 08S €SS 9Ly T6E | pou $-C

£€8°0 990 780 89660 LITOT | - - 0661 - OCIT| STL T69 0S9 | T09 LS SSS €Lb 86 | Ans ap-c

80 090 T80 TL66'O  6WHOT | - - - - TTI| vl T69 6v9 | TO9 0SS LSS by S6E | Ans 6C

€8°0 990 780 I1L660 SST6O | - - - - PEIT| 90L T69 6¥9 | T09 6LS 9SS 9Ly S6€ | Ans ep-g

80 §90 780 $9660 LTIGEO | - - - - IEIT| LIL T69 0S9 | €09 6LS ¥SS LiLb 16€ | Ans €T

€8°0 ¥9°0 T80 89660  SE€I60 | - - L6S - LTIT| vTL T69 6v9 | 09 T8S LSS bLy  16€ | ins 9T

€8°0 §90 T80 L9660 9IVOT | - - - - LTIL|¥CL T69 0S9 | TO9 6LS LSS LLb 00F | Ans 1-C [9dAL

ly (£)%a @ *a SOpoUl [RUONERIQIA PIUSISSY

V4., g+
c\fmw tovov #BN #D o J-poonpar — R - w6 s ooudion

ureln [eondeuy  wnnoadg
g Jo
$SOUp003 10§ SIS,

‘uostredwos 10§ pojuasaid s1 (9yrwoayoorsausew/oyur jyniy//:sdny) Areiqiy I MY oy woly sojdwres d1woIyo0ISOUSeU (4, ) PAIUILIO PUE ()
PAJUSLIOUN JO B1309dS UBWIEY MEI Q) WO} PIINJOAUOIIP SPUBY "SIUWOIYI0ISIUT LW PAIPNIS JO B1OdS UelEy PI)OI[IS JO UOHN[OAUOIIP BIA PIUTRIO SPULQ UBLURY JO ISIT 7 [qeL,




28

Periodico di Mineralogia (2025) 94, 21-36

Akbulut M.

1.00 1
Magnesiochromite Chromite a . b
0.80 A g
0.60 T
i3 !
O | .
0.40 i Podiform
0.20 | ] i
TS 5.00 T T T T !
Spinel H it 40.00 45.00 50.00 55.00 60.00 65.00
0.00 pine . . er(‘:ynl & § . Cr20s (wt. %)
1.00 0.80 0.60 0.40 0.20 0.00
Mg# 100 Island Arc
1:25:4 c
1.00 807
oy 0.75 60 .
% 050 Stratiform
Q 40+
[
0254 T T E e T e
Podiform EAN goded " e MORB
0.00 . . . . . g T T ' T '
40.00 45.00 50.00 55.00 60.00 65.00 70.00 e L.m 0.'20 LA Bag
TiO2 (wt. %)
Crz0s (wt. %) 20.00- f
10 1
e MOBB_ ........
TR R 16.000
Peridotites ‘g / """"""
g 12.00 /
B\ BARC < B
% 1 2 goo{ /
/
. | ARC
\‘ 4.004
ssZ
0.01 - ' ' - 0.00 10.00 20.00 30.00 40.00 50.00
0.00 10.00 20.00 30.00 40.00 50.00
AlLOs (wt. %) Magnesiochromite Al,O, wt.%
10.00+ L . - .
g Dunitic orbicular Harmancik chromitite (this study)
B magnesiochromite in the surrounding
B chromite accumulation (sur)
s 1.004 A magnesiochromite in the nodular core
g of the dunitic orbicule (nod)
= Harmancik chromitites (Uysal et al. 2015)
=
0.104 MORB: Mid-Ocean Ridge Basalts,
LIP: Large Igneous Province Basalts;
ARC: Arc Related Volcanic Rocks; OIB: Ocean Island Basalts;
0.01 . . . BON: Boninites; IAT: Island Arc Tholeiites; MOR: Mid-Ocean Ridge;
0.01 0.10 100  10.00 BARC: Modern Back Arc Related Volcanic Rocks;

Magnesiochromite TiO, wt.%

SSZ: Supra-Subduction Zone.

Figure 4. Distribution of the major oxide data of the studied chromite grains and estimated parental melt composition on the bivariate
plots of a) Cr# [Cr/(Cr+Al)] vs Mg# [Mg/(Mg+Fe?"), b) ALO; (Wt%) vs Cr,05 (Wt%), ¢) TiO, (Wt%) vs Cr,05 (Wt%), d) Cr# vs
TlOZ (Wt%), C) TIOZ (Wt%) VS A1203 (Wt%)a f) (A1203)melt A\ (A1203)magnesi0chromitea and (g) (Ti02)melt VS (TiOZ)magnesiochromite~ (IlOd):
magnesiochromite in the nodular core of the dunitic orbicule, (sur): magnesiochromite in the surrounding chromite accumulation.
Fields marked in (d) and (e) are from Barnes and Roeder (2001) and Kamenetsky et al. (2001), respectively. Regression trends in (f)
and (g) are from Rollinson (2008). Sky blue fields on all of the plots show distribution of data for Harmancik chromitites presented
earlier by Uysal et al. (2015).
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Figure 5. Examples of three morphological types of raw (non-baseline treated) Raman spectra obtained from the analytical runs.
Raw Raman spectra marked with asterisk symbol (*) are unoriented magnesiochromites from the RRUFF library (https://rruff.info/
magnesiochromite), and are given for comparison with the corresponding morphological type interpretations. See the text for the
description on their texture, and Tables 1 and 2 for their compositional and Raman data. The pink, green, and light purple regions in
the figure corresponds to the described Band Groups I, 11, and III, respectively. Abbreviations next to the sample names analysed in

this study are as in Figure 4.

magnesiochromite  mineral

chemistry and raw granular chromite grain surrounded by a silicate matrix

Raman spectral data from unoriented and oriented
magnesiochromite samples are obtained from the RRUFF
library (https://rruff.info/magnesiochromite) and included
in these tables and figures for comparison (R050399,
R060796, and R060797). R050399 data is from a coarse

in a semi-massive chromitite. R060796 data is from
a chromite in a fine-grained massive chromitite, and
R060797 data is from a chromite in a coarse-grained
(granular) massive chromitite.
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Mineral Chemistry

Uysal et al. (2015) reports that the Harmancik
chromitites are made of magnesiochromites that present
Cr,03, Al,O3, and TiO, values between 59.24-61.27 wt%,
9.09-10.03 wt%, and 0.14-0.18 wt%, respectively. Their
Cr/(Cr+Al) atomic ratios (Cr#s) are also calculated to be
0.80-0.82, and the Mg/(Mg+Fe?") atomic ratios (Mg#s) to
be between 0.59-0.69 (Uysal et al., 2015).

The analysis of magnesiochromites in the current
study also show very similar compositions with these
previously reported compositional ranges. Overall, the
major oxide data obtained from all 36 points on the four
polished blocks clearly mark an almost uniform chemical
composition, free of chemical variance as well as zoning,
in all the textural types of the magnesiochromites analysed
in the sample. They present Cr,05, Al,O3, and TiO, values
between 60.77-62.83 wt%, 8.84-9.41 wt%, and 0.11-0.17
wt%, respectively, and their Cr#s and Mg#s are high,
between 0.79-0.83 and 0.53-0.67 (Table 1). All of the
magnesiochromites fall in the analytical ranges pronounced
for typical ophiolitic (podiform) chromitites (Figure 4 a,c).
The Cr#s of the magnesiochromites from the nodules at the
cores of the dunitic orbicules and the enveloping chromitite
is almost constant. All of the magnesiochromites show a
Ti-poor and high Cr-character and reflect a boninitic to arc-
related affinity (Figure 4 d,e). The Al,O5 and TiO, contents
of the parental magma, empirically estimated utilizing
the equations (AL,O3)pe= 5.2181In(Aly05)4,-1.0505 and
(TiO)mer=1.0963(Ti0,)g, " (e.g., Rollinson, 2008;
Rollinson and Adetunji, 2015), range between 10.32-10.65
wt% and 0.19-0.27 wt%, respectively. These ranges plot
on and follow clearly the regression lines of the arc-related
chromites (Figure 4 f,g).

Raman Spectroscopy

Figure 5 shows the representative raw (non-baseline
treated) Raman spectra from the magnesiochromites
studied. One of the distinctive features of these raw spectra
is the clear presence of different morphologies despite the
lack of significant chemical variations. Three distinctive
Raman spectra morphologies are determined in this study.
They are named as Type I, Type I, and Type III largely on
the basis of the band intensity variations. The dominant
morphology encountered in all of the 35 analytical runs
from all of the polished blocks was Type I spectra (n=30).
Only four (4) Type II and one (1) Type III spectra are
determined. All three of the spectra types are detected only
in the sample block 2 (Figure 3). As this block includes
all types of chromitite textures within the sample, Figure
5 comprises data from this sample block, in order to
summarize and compare the spectral diversity with respect
to the textural positions of the magnesiochromites. Type
I, and Type II spectra are determined from analytical runs

on magnesiochromite grains in both the semi-massive
to massive chromitite accumulation envelope and the
nodular cores of the dunitic orbicules. The single Type III
spectrum determined is found only in the nodular core of
the dunitic orbicule in sample block 2 (Figures 3 and 5).

Regardless of its morphological type, all of the Raman
spectra presented in this study show high intensity bands
ranging in the characteristic spectral region defined for
the oxide species (ca. 300-700 cm!, cf. Wang et al.,
1994). Two significant band clusters are identified around
the wavenumbers 385-605 cm™' (Band Group I, BG-I) and
649-739 cm™! (Band Group II, BG-II) (Table 2, Figure
6 a,d). The strong (high intensity) bands are generally
incorporated within these two clusters. Another third band
set (Band Group III, BG-III) including very low intensity
broad bands are detectable around 1122 to 1763 cm™.

In all morphological types of spectra, the BG-I is
represented by three main bands, a medium intensity broad
peak at ~555 cm’!, a distinct lower intensity shoulder band
at ~605 cm!, and a connecting band in-between at ~580
em’!. Two additional very low intensity broad bands at
~470 cm’' and ~395 cm™' accompanies these three main
bands. The BG-II similarly includes three main bands, at
~650 cm™, ~690 cm!, and 730 cm!. The ~650 cm! band
always forms a medium intensity distinct shoulder, and the
band at ~690 cm! always forms a high intensity narrow
peak. However, the intensity of the shoulder band at ~730
cm’! is variable. Intensity of this band increases from Type
I to Type II spectra (Figure 6 a,b), and exceeds that of the
~690 cm’! band in the Type I1I spectra (Figure 6d). Setting
aside this final diversion in the band intensities, the band
positions in all spectra are almost invariable, most probably
due to the lack of compositional variety in the grains
analysed.

DISCUSSION: BAND ASSIGNMENTS AND IMPLICATIONS

For a proper understanding of the Raman spectral
features of a mineral, it is important to check the
characteristic spectral region in order to determine the
strongest band, which is described to usually correlate
with the totally symmetric vibrational mode (TS mode) of
the strongest covalent bond of investigated phase (Wang
et al., 1994). The Raman-active vibrational modes for
spinel (AB,0,) are generally defined to be A, +E,+3F,,
(e.g., White and De Angelis, 1967; Malézieux et al., 1983;
Wang et al., 1994; Kharbish, 2018; D’Ippolito et al., 2015;
Naveen et al., 2019). However, it should also be noted
that up to three additional bands are repeatedly reported
in both synthetitc MgAl,O4 (e.g., Fraas et al., 1973;
Malézieux et al., 1983) and natural magnesiochromites
(e.g., Malézieux et al., 1983; Kharbish, 2018).

The strongest covalent bonds in spinel are the B3'-O
bonds of the MBO;, octahedron (where B refers to Cr3*, Al
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and Fe*"), and vibration of these bonds mainly contribute to
the TS mode (cf. Kharbish, 2018 and the references therein),
which also corresponds to the A, mode in spinel (cf. Wang
et al., 1994). Remaining less intense modes reported in
the literature are usually reported to be in the sequence
of F(3)>F2,(2)>E>F,4(1) (e.g., D’Ippolito et al., 2015;
Kharbish, 2018 and the references therein; Naveen et al.,
2019). Additionally, it has been suggested that the E, peak
positions are helpful in deciphering the subgroups of the
analysed spinels, as the E, modes at ~450, ~400, and <380
cm’! wavenumbers are debated to be characteristic for
the chromate, aluminate, and ferrite spinels, respectively
(cf. D’Ippolito et al., 2015; Lenaz and Lughi, 2017).
Accordingly, the assignment of the bands obtained via
deconvolution of the magnesiochromite spectra in this
work is done following these mentioned criteria (Table 2).

Aqg Mode

The wavenumber of the strongest (highest intensity)
mode in Type I and Type II spectra, the narrow and well-
defined band at ~690 cm™' (with only a 0.14% Raman shift
variation), is in good agreement with the strongest bands
described from earlier work (e.g., Wang et al., 2002; Yong
et al., 2012; D’Ippolito, et al., 2015; Kharbish, 2018;
Naveen et al., 2019; Nayak et al., 2024). Hence, for Type
I and Type II spectra, this band may easily be correlated
with the A, (a.k.a. TS) vibrational mode resulting from
symmetric stretching of the spinel MBOy octahedra (cf.
Kharbish, 2018). However, in the Type III spectrum, the
strongest band is at 739 cm™! (Figures 5 and 6, Table 2)
despite the ~690 cm™' band also being clearly visible
as the second highest intensity band with only a slight
(~1%) Raman shift variance (at 698 cm™"). This band shift
variation is still within a very narrow range, and there are
no significant band shift changes in the other bands. Up to
9% Raman shifts are reported in the position of the modes
in the chromate spinels (e.g., D’Ippolito et al., 2015).
Moreover, especially ~7% Raman shifts are reported in
the position of the strongest bands of chrome spinels of
variable chemical compositions (e.g., Kaliwoda et al.,
2021). Thus, it is still probable to assign the ~690 cm’!
band of Type III spectrum to the A;, mode. Making such
an assignment for the strong ~690 cm™! band however,
requires an explanation for the co-existing highest
intensity band at 739 cm’!.

It is well known that, substitution of cations in the
spinel result in significant changes in Raman spectra
(Wang et al., 2004). For example, in their study on
natural and synthetic chromites, Malézieux et al. (1983)
have reported surfacing of a shoulder near 735 cm’!
for the natural chromites with Cr,0; contents >63 wt%
(Wang et al., 2004). In strong resemblance, the Cr,0O;
contents of all of the magnesiochromite grains in this

current study are also higher than 60 wt%, and all of their
Raman spectra include ubiquitous shoulders (albeit with
variable intensities) at ~730 cm™' wavenumbers. This
fact, congruent with the report of the Malézieux et al.
(1983), suggests that the ~730 cm™!' bands of the studied
magnesiochromites may be related with the high Cr,O3
contents of the magnesiochromite grains. Furthermore,
intensities of these shoulders and their Raman shift values,
seems to have low to moderate positive correlation with
the Cr,05 contents (r=0.6516, and 1=0.5585 respectively;
Table 3). Additional similar low to moderate positive
correlation coefficients between the MgO contents and
the full width at half maximums (FWHMs) of the ~730
cm™! shoulders (1=0.6614) are also notable. On the other
hand, FWHMs of the ~730 cm’! shoulders also seem to
show a moderate negative correlation with the total FeO
contents (r=-0.7515), and a low to moderate negative
correlation with the ZnO contents (r=-0.5074). The MnO
contents also show a low to moderate negative correlation
with the Raman shift values of this band (r=-0.5782).
Such relations, although not being very definitive with
the current dataset, re-emphasize the effect of the mineral
composition on the final magnesiochromite spectra
morphology, in conformation with the literature.

The effects of chemical variation of the spinels are
also usually discussed on basis of the strong negative
correlation of the A, peak position shifts and the
(Cr+Fe*")/(Cr+Fe3*+Al) molar ratios (e.g., Malézieux et
al., 1983; Wang et al., 2004; Naveen et al., 2019; Figure
7). The increasing (Cr+Fe3")/(Cr+Fe’*+Al) molar ratio
of the spinel results in shifting of the Raman A, peak
position towards lower wavenumbers. Although the
calculated (Cr+Fe’")/(Cr+Fe’*+Al) molar ratios of the
studied magnesiochromites are almost constant (anchored
around 0.82), and there is only a slight shift in the A, peak
positions, the data points fall on the field of data cluster
established from the above mentioned earlier work. This
significantly comply with both the earlier and this study’s
inferences on the importance and usefulness of the A,
peak positions on estimations of the mineral composition.
The high intensity A, peak is attributed to the presence of
higher amount of Cr (heavier atomic mass, 51.996 u) over
Al (lighter atomic mass, 26.982 u) (Naveen et al., 2019).

However, despite all these effects related to the high Cr
contents and the site occupancies of the trivalent cations,
it should be noted that Type IlI-like double summited
spectra also exists for less Cr bearing magnesiochromites,
such as the analytical runs for unoriented R050399
magnesiochromite sample from the RRUFF library
(Tables 1 and 2, and Figures 5 and 6e). Deconvolution
result of (depolarized) Raman spectrum from the oriented
R050399 sample is also given in Table 2 and Figure 6f,
which presents a comparable spectrum morphology

A pM



Raman spectral features of magnesiochromite from NW Tiirkiye

Table 3. Correlation coefficients (r) between the Raman shifts, peak intensities, and the FWHMSs (Full Width at Half Maximums) for
the shoulder bands at ~730 cm’! wavenumber in the magnesiochromite spectra and the relevant major oxide contents.

8i0, TiO, V,05 ALO; Cr0; FeO, MnO MgO NiO  ZnO Imifl:iy* %‘;}‘:}ff FWHM*
Si0, 1
TiO, 20.1920 1
V,05 03730 03228 1
ALO, 02553 0.0725 02798 1
Cr,0, 0.0403 0.0171 02195 0.0226 1
FeO, 20.1059 -0.1139 -0.1553 -0.0752 -0.7714 1
MnO 0.1088 -0.3068 -0.3545 -0.3491 -0.5433 03730 1
MgO 02983 0.1726 04171 02140 0.6211 -0.9114 -0.3911 1
NiO 03050 0.4724 0.7651 -0.0010 -0.0149 0.0437 -0.1276 02105 1
Zno 0.1097 0.0886 0.1787 -0.2396 -0.3610 0.5394 0.1746 -0.5300 -0.0139 1

Peak Intensity* -0.4004 -0.2041 -0.2187 0.0831 0.6516 -0.3689 -0.3514 0.0933 -0.3006 -0.4623 1

Raman Shift*  -0.2769 0.1894 0.2712 02913 0.5585 -0.0994 -0.5782 0.0612 0.0815 -0.1671 0.6440 1

FWHM* -0.1769 -0.1633 -0.1337 -0.0777 0.3626 -0.7515 -0.0673 0.6614 -0.1677 -0.5074 0.2615  -0.2788  1.0000

*: spectral features of the shoulder bands at ~730 cm™', FWHM: Full Width at Half Maximum.

780 Magnesiochromite to that of the Type I spectra described (Figure 6 a.f).
® oo :"i‘m’:‘;‘:‘;siocmmiw‘imhe This emphasizes the importance of the crystallographic
760 : RoG0787 e orientation in the spectrum morphology, and points to the
RO50399 A magnesiochromite in the . . . . . .
P coe fthe duniic variable orientations of magnesiochromite crystals in the
orbicule (nod) .
210 | studied Harmancik sample. The spectrum morphology

should correlate with the orientation of the target

crystal. Such a variance in crystallographic orientation

of the magnesiochromites is expectable in ophiolitic

chromitites, as they are almost ubiquitously subjected to

© % textural arrangement and plastic deformation in the mantle
® concomitantly or after the crystallization. Nevertheless, it
is not possible to infer which of the grains studied present

the initial crystal orientation as the analysis are made on

720

700 -

Raman A;band position shift (cm™)

680 —

650 —— . . . w | 1 grains with random orientations. On the other hand, as the

goo 020 040 060 080 100 120 majority of the 35 grains analysed show Type I spectra,

(Cr+Fe”)/(Cr+Fe’™+Al) molar ratio followed marginally by lower numbers of Type II and

finally only a single Type III spectra, one may speculate

Figure 7. Plot of Raman A, band position shift vs the (Cr+Fe’)) that the grains showing the Type I spectra correspond to

(Cr+Fe*™+Al) molar ratio for the studied magnesiochromites. the final orientation induced by the plastic deformation,

Diagram utilized after Wang et al. (2004) and the gray and Type III and Type II spectra correspond to the initial
background data cluster field is established from data points and transitional stage orientations, respectively.

from Wang et al. (2004) and Malézieux and Piriou (1988). A},
band positions and the molar ratio for the RRUFF data points
established using data from RRUFF library (https://rruftf.info/
magnesiochromite).

F,q Eqand other Un-assigned Modes
Considering the above mentioned band assignment
sequence and band positions discussed in the literature,
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the low intensity ~605 cm’! shoulder bands in the studied
spectra are attributed to the F,(3) that is similarly regarded
as a result of MBOg symmetric stretching vibrations
(Reddy and Frost, 2005; Marinkovi¢ Stanojevi¢ et al.,
2007; Kharbish, 2018). Taking the previous studies in
account, the medium intensity band at ~555 cm™! and the
broad band at ~470 cm™' are considered to correspond
to the F»4(2) bending vibrations (Marinkovi¢ Stanojevi¢
et al., 2007; Kharbish, 2018), and E, symmetric MB_0O
stretching vibrations (Reddy and Frost, 2005; Marinkovi¢
Stanojevi¢ et al.,, 2007; Kharbish, 2018), respectively.
Of these assigned bands, particularly the presence of
the ~470 cm’! band and its attribution to the E, mode is
consistent with the inferences of D’lppolito et al. (2015)
and concurrence of Lenaz and Lughi (2017) for this mode
to be distinctive for chromate spinels with Cr#>0.60.

No bands could be attributed to the F,,(1) mode, which
corresponds to the lowest and weakest Raman shift related
to the translatory lattice vibrations (Marinkovi¢ Stanojevic¢
et al., 2007; Kharbish, 2018). Moreover, the origins of the
~650 cm’! shoulder, the ~580 cm™ connection, and ~395
cm! broad bands could not be related with any of the
Raman-active vibrational modes of spinel. Such absence
of Fy4(1) mode, or the presence of unexpected (thus un-
assigned) bands are also reported in several earlier work
elsewhere (e.g. Wang et al., 2002, 2004; Marinkovi¢
Stanojevi¢ et al., 2007; D’Ippolito et al. 2015; Kharbish,
2018). Here, it must also be noted that the Raman shift
values of these un-assigned peculiar bands in the previous
studies (e.g., Kharbish, 2018) are significantly in good
agreement with the wavenumber ranges of un-assigned
bands detected in this study.

To the author’s knowledge, there is no detailed
discussion on the Raman bands above the 1000 cm™!
spectral region for natural spinels in the literature. On
the other hand, there are some notes in the synthetic
solid-solution studies. McCarty and Boehme (1989),
in their Raman spectral characterization study of the
systems Fe; ,Cr,O, and Fe,_Cr,O3, also do not report
on any distinctive bands in the higher wavenumbers
for the low Cr-bearing members of the spinel solid
solutions (Fe;_,Cr,Oy4; for x=0, 0.4, 0.8, 1.2). However,
for the high Cr-bearing members (x=1.8, and 2), they
report a weak broadband at ~1335 cm!, and a peak and
a broadband at ~1265 cm™ and ~1357 cm™, respectively,
interpreting these high wavenumber bands as overtones
or combinations of the fundamental vibrations (McCarty
and Boehme, 1989). The high wavenumber bands
encountered in the spectra in this current study similarly
mimic the behaviour of the overtones reported by
McCarty and Boehme (1989). Accordingly, the ~1130,
1285, 1390, and ~1450 cm™! bands occur approximately
2 times the 555, 650, 690, and 730 cm™ wavenumbers,

and thus may be interpreted as overtones of the F,4(2),
un-assigned ~650, A, and un-assigned 730 cm™ modes,
respectively.

CONCLUSIONS

This first detailed study on characterization of Raman
spectra from an ophiolitic chromitite sample from the
northern ophiolite belt of Tiirkiye has revealed descriptive

Raman spectral band frequencies for high-Cr chromitites.

1. The studied chromitite sample presents dunitic
orbicular texture, semi-massive texture, and massive
texture. Magnesiochromite grains show an almost
uniform composition reflecting a high-Cr (Cr#>
0.60) character, and a distinctive boninitic to arc-
related affinity.

2. The uniform magnesiochromite chemistry has been
considered helpful in constraining the Raman spectral
features and interpretation of infrequently observed
significant variances in the designated three spectra
morphologies (Type I, Type 11, and Type III). All of
these three spectra types include the same descriptive
Raman bands for chromate spinels.

3. Four of the bands (at around 690 cm’!, 605 cm™,
555 cm’!, and 470 cm™') have been assigned to Ay,
F24(3), Fye(2), and E, Raman-active vibrational
modes of spinels.

4. An unassigned band at ~730 cm!, described
in the literature to be typical for the high-Cr
magnesiochromites, has been utilized to detect the
differences on crystallographic orientation of the
magnesiochromite grains. This observation has been
considered as a useful utility for following up the
textural arrangement and plastic deformation history
of the chromitite.

5. Currently, one of the most used methods for
detection of the crystallographic orientations, and/
or strain changes, and thus the deformational
history of the ophiolitic chromitites is the Electron
Backscatter Diffraction (EBSD). However, this
study emphasizes that at least a preliminary
approach on the crystallographic orientation of the
magnesiochromites of the ophiolitic chromitites
can also be made via Raman spectroscopy, albeit by
constraining the chemical variance variable on the
target grains.
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