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Abstract

Natural Cr-spinels already characterized by X-ray single crystal diffraction and electron microprobe
have been analyzed by Raman spectroscopy. The results we report show that there is a strong
correlation between the Cr/(Cr+Al) ratio (Cr#) and the A, mode for the studied spinels. A strong
correlation of this mode with Mg/(Mg+Fe™") (Mg#) can be seen only for spinels with Mg# higher than
0.60. Other modes can increase, decrease or disappear depending on the Cr#. Among the spinels with
low Cr# it 1s possible to define their order/disorder degree. In fact, spinels with an inversion degree
lower than 0.14 show an E, mode at about 400-410 cm’!, while spinels with Cr# higher than 0.20
register the appearance of a peak in the region 150-200 cm™, while other peaks are substituted by
smooth curves. The results show that the use of Raman applied to spinel in provenance studies cannot
yield a 100% confidence because of the uncertainties in the relation between Mg# and the different

modes.
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Introduction

Spinel and spinel-like minerals are subjects of continuous scientific interest and have been deeply
investigated in both earth science and materials sciences, because of their interesting properties as
pigments, refractory materials, semi-conductors, catalysts and batteries. In nature they occur in basic-
ultrabasic plutonic rocks, in mantle derived rocks, in different metamorphic occurrences and, due to
their high hardness and resistance to alteration, they are also a common detrital constituent of
sedimentary rocks (Irvine 1967; Dick and Bullen 1984; Lenaz et al. 2000; Barnes and Roeder 2001;
Kamenetsky et al. 2001). The spinel family is cubic, Fd-3m, with a very compact oxygen array and the
cations in tetrahedral (T) and octahedral (M) coordination. According to Lindsley (1976), Hill et al.
(1979) and Waychunas (1991) the cubic cell has 96 sites, 64 are T-sites and 32 are M-sites, but only 24
are occupied. Chemically, spinel may be described by the V(A B;)" (B1.A,)O; structural formula,
where IV and VI represent tetrahedrally and octahedrally coordinated sites, A and B are cations with
variable valence distributed in T and M sites and i is the inversion parameter. At low temperature, there
are two ordered configurations, one with /=0 (normal spinel; e.g. MgALO4, Fe*"ALO4, MgCr,04,
Fez+Cr204) meaning that divalent cations enter the T site and trivalent cations the M one, and another
with i=1 (inverse spinel; e.g. MgFe’,04, Fe*'Fe’",0,). Anyway, disorder can occur at increasing
temperature, leading to inter-site exchange of A and B cations over the three cation sites per formula
unit modifying the M-O and T-O bond distances. In the spinel cell, the oxygen atom is linked to three
octahedral cations and one tetrahedral cation lying on opposite sides of the oxygen layer, respectively,
to form a trigonal pyramid. Movement of the oxygen atom along the cube diagonal [111] causes the
oxygen layers in the spinel structure to be slightly puckered so that variations in u correspond to
displacements of the oxygens along the cube diagonal, reflecting adjustments to the relative effective

radii of cations in the tetrahedral and octahedral sites. An increase in u corresponds to an enlargement
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of the tetrahedral coordination polyhedra and a compensating decrease in the octahedra (Lindsley
1976).

Several studies in the past years took into consideration natural and synthetic spinels with different
compositions (Malézieux et al. 1983; Malézieux and Piriou 1988; Wang et al. 2002a; among the others)
and/or on specific topics such as the variations of Raman spectra within a solid solution series (Lenaz
and Lughi 2013; Lenaz and Skogby 2013), with pressure MgCr,O4 (Wang et al 2002b; Yong et al
2012); Fe,TiO4 (Kyono et al 2011); MgFe,O4 (Wang et al 2002a; Winell et al 2006), temperature
MgAl,O4 (Slotznick and Shim 2008) and ordering (Minh and Yang 2004). D’Ippolito et al. (2015)
studied synthetic spinel single crystals, having compositions approaching chromate, aluminate, and
ferrite spinel end-members, to identify Raman peculiarities of each endmember and showed how

substitution of the divalent and trivalent cations affects the Raman modes.

Even if Cr-bearing spinels typically occur as accessory phases, they are widely considered as
petrogenetic indicators as systematic relationships exist between spinel chemistry and bulk-rock
composition or mineral assemblage, and geological environment and process (Irvine 1967; Dick &
Bullen 1984; Lenaz et al. 2000; Barnes and Roeder 2001; Kamenetsky et al. 2001) so that, among the
different spinels, those bearing chromium are among the most important because of their geological
occurrence spanning from the Earth interior, being frequently included in diamonds (Sobolev 1977;
Barnes and Roeder 2001; Lenaz et al. 2009a, 2013) and in mantle xenoliths, to the extraterrestrial space
(Bunch et al. 1967; Wlotzka 2005; Heck et al. 2010; Karwowski et al. 2013; Schmitz 2013; Lenaz et al.
2015). Moreover it is the ore mineral for Cr and because it is related to PGE (Platinum Group
Elements) extraction (Hutchinson et al. 2015; Kamenetsky et al. 2015; Uysal et al. 2015 among the
most recent). For these reasons and because it is highly resistant to low-grade alteration, mechanical

weathering and breakdown, Cr-spinel is widely used as an important tool for paleogeographic
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reconstructions (Cookenboo et al. 1997; Lenaz et al. 2003, 2009b; Barkov et al. 2013; Schmitz et al.

2014, 2015; Gawlik et al. 2015 among the others).

Previous Raman studies include works by Wang et al. (2004a; 2004b) on meteorite spinels, Reddy and
Frost (2005) in mafic rocks and Zhang and Gan (2011). In all natural spinels and almost all of the
synthetic ones, even if the vibrational modes are easily assigned, the presence of several cations within
the structure has generated difficulties of interpretation of the Raman shifts due to the possibility for

several cations to enter the octahedral and tetrahedral sites.

The aim of this work is to study by means of Raman spectroscopy, Cr-spinel single crystals previously
characterized by means of single crystal X-ray diffraction and electron microprobe. In such a way we
should be able to verify how different Raman shifts can be attributed to the presence of the different
cations in the sites and consequently verify the effects of the cation order-disorder phenomena.
Moreover we will verify if Raman spectroscopy could be a valuable technique to characterize Cr-spinel
in provenance studies, i.e. we will see if any of the Raman mode could be related to the most used

chemical indexes for Cr-spinels as Cr# (Cr/(Cr+Al)) and Mg# (Mg/Mg+Fe*")).

Materials and methods

One of the commonly used values to classify Cr-spinels is the Cr/(Cr+Al) ratio, i.e. Cr#, that is related
to the geological occurrence of the spinel. In order to have the most complete series of Cr-spinels we
selected spinels from mantle xenoliths from Libya and Cameroon (LB1, LB3, LB10, LB16 and BAR;
Lenaz unpublished data), alpine peridotite (R2 and R6, Ronda massif, Lenaz et al. 2010), ophiolites
(C1 and AV1, Shetland Islands, Derbyshire et al. 2013), layered complexes (SWLB2, Stillwater, Lenaz

et al. 2012; U392, Greenland, Lenaz unpublished), included in diamond (UDKS, Lenaz et al. 2009a).
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Spinels from mantle xenoliths have Cr# lower than 0.20. For the range 0.20-0.60 we selected spinels
from alpine peridotite and Stillwater complex. Spinels with Cr# higher than 0.60 are from Shetland Isl.
and included in diamond. Complete structural and chemical analyses are reported in the above cited
papers, while a summary of the values useful for the purpose of this paper are reported in Table 1. The
studied spinels show the following approximate compositions: LB1 (Mgo.79,Fe* 020)(Al;51Cro.s,
Fe''003)0s, LB3  (Mgose,Fe’ 023)(Ali57Cross,  Fe''006)0s, LB10  (Mgoso.Fe’ 0.10)(Al; 74Cro 3,
Fe''003)0s, LBI6 (Mgo7,Fe’020)(Al171Cro0s, Fe''003)0s, BAR  (Mgosz.Fe’'o.15)(Al; 77Cro 17,
Fe*'0.05)04, R2 (Mgo72,Fe” 0.25)(Al} 45Cro.53, Fe*70.01)04, R6 (Mgo 64,Fe 036)(Al1.16Cr0.75, Fe* 0.06)04, C1
(Mgos3,Fe’ 046)(Alo3sCriss, Fe’'o05)0s, AV1  (Mgoso,Fe* 049)(Alo75Crin1, Fe''004)0s, SWLB2
(Mgo47,Fe” 053)(Alo76Cri10, Fe''0.11)04 U392 (Mgoaa,Fe* 0.55)(AloasCriza, Fe''020)0s, UDKS

(Mgo.61,F62+0.38)(A10.25Cr1.70, Fe’0.05)0a.

The Raman spectra were collected by a Renishaw InVia Spectrometer (objective 50x with 0.75 NA,
1200 lines/mm grating, 576 pixel CCD detector). The excitation was a near-infrared diode laser at 785

nm excitation, delivering 16 mW at the sample surface, focused on a spot of approximately 10 pm?.

Results and discussion

In spinels there are five Raman-active modes, i.e. Aj; + E; + 3F,,. Spinel oxides exhibit Raman
vibrational modes in the 100-800 cm™ spectral region. Strong bands are observed in the region around
400-500 cm™ and 700-800 cm™'. These modes are assigned to the E, and A, modes, respectively. The
bands around 600 cm™ are assigned to the third F,, symmetry species, the bands around 480-520 cm’'
to the second F», symmetry species, whereas, the bands around 200-300 cm™ are assigned to the first

F,, symmetry species (D’Ippolito et al. 2015 and references therein).
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Although there has been a large amount of experimental work on pure spinels, the literature is
inconsistent with regard to the assignment of the specific atomic motions within the spinel lattice
during the Raman-active vibrations, in fact the A, mode in literature has been assigned to:

1. The symmetric breathing mode of the AO4 unit within the spinel lattice. Cynn et al. (1992) argued
that the oxygen atoms move away from the tetrahedral cation along the direction of the bonds. Neither
the tetrahedral nor octahedral cations are in motion during this vibration.

2. The symmetric breathing mode of the octahedral unit (Marinkovi¢ Stanojevi¢ et al. 2007);

3. The random occupation of the octahedral sites by the A*" and B*" cations (Laguna-Bercero et al.

2007);

4. The stretching of AlOj, tetrahedra (Barpanda et al. 2006).

The main differences among the aluminates, chromates, and ferrites have been explored by D’Ippolito
et al. (2015) and concern the Ay, Fag3) and E, modes. These three modes have been assigned to
different movements of the oxygen atoms along the T-O bond. Each tetrahedron shares oxygen with
three octahedra; thus, even if the octahedral cation remains at rest, the nature of the M cation must
influence the M—O bonding force causing a change of the oxygen position along the M-O-T direction.
Those authors suggest that simply analyzing the E, peak position, it is possible to obtain information on
which subgroup a spinel belongs to, because an E, mode at ~ 450 cm™ is distinctive of chromate
spinels, an E, mode at ~400 cm™ is distinctive of aluminate spinels, and an E, mode below 380cm™ is

distinctive of ferrite spinels.
Spinels with Cr# > 0.60

The main aspects of spinels with such an high Cr# is that the Cr cation consistently fill the octahedral

site (1.2 < Cr < 1.7 atoms per formula unit, apfu). The Mg#, i.e. Mg/(Mg+Fe*"), is in the range 0.45-
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0.62. According to Urusov (1983), for chromium-containing spinels the large excess octahedral crystal
field stabilization energy of Cr’* (A CFSE.., = 160 kJ/mol; O’Neill and Navrotsky 1984) should
ensure that Cr-bearing spinels have an almost completely normal cation distribution; consequently,
high amounts of chromium should act as a “buffer” preventing the exchange of the other cations within
the T and M site (Lenaz et al. 2004). As a consequence the inversion degree is lower than 0.05. For
these spinels the oxygen positional parameter is in the range 0.2620-0.2629 being a function of the Cr#
(Lenaz et al. 2011).

Spectra are not very well defined and present a large peak at about 700 cm™, one at 650 cm™ and other
peaks at about 460 cm™ (Fig. 1). Synthetic Mg-chromite and chromite presents the A,, mode at about
684 and 674 cm’, respectively (Lenaz and Lughi 2013), while an increase of Al content in the M site
yields to a shift of this mode to higher frequencies being about 748 for hercynite and 768 for spinel s.s..
The peak at 650 cm™ could be related to the F,3 peak that in the (Mg Fe)Cr,O, spinels is in the range
628-640 cm™ (Lenaz and Lughi 2013). The one at 460 cm™ is possibly the E, peak. Even if this last
peak is not well defined it confirms the observation by D’Ippolito et al. (2015) that chromate spinels

can be recognized by the E, peak at about 450 cm™.

Spinels with 0.20<Cr#<0.60

The Cr content is variable in the range 0.5-1.1 apfu, while the Mg# is within 0.47-0.72. Even if the
amount of Cr cannot be very high, the inversion degree is still low, being in the range 0.02-0.07. The u
value is in the range 0.2630-0.2635. As stated by Lenaz et al. (2010), even in this case this parameter is
somehow linked to the Cr#.

These spinels are characterized by the presence of a large peak in the range 700-730 cm™. As seen
above this is the A,, mode. The shift of this peak is a consequence of the higher amount of Al in the M
site substituting Cr. The F,,;, peak is present at about 620 cm™. According to D’Ippolito et al. (2015)

7
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the hercynite F,, peak is at 617 cm™. Notably the peak decrease its intensity with the increase of the
Cr#, and the consequent decrease of the hercynite content in the studied spinels. Other peaks, that are
not very well defined, are in the range 500-550 cm™, 450-500 cm™ and 300-350 cm™. While the first
can be related to the F,,, peak, the others show a character resembling the E, peaks noticed by
D’Ippolito et al. (2015) and suggesting a certain degree of inversion. It is not possible to decipher if
these natural spinels are chromate, aluminate or ferrite spinels by means of the E, mode as suggested

by D’Ippolito et al. (2015).

Spinels with Cr#<0.20

The chromium content of these spinels is quite low being in the range 0.15-0.36 apfu. The Mg# is
higher than that of the other studied spinels (0.77-0.83). From a structural point of view, the oxygen
positional parameter, u, is comprised between 0.26237 (7) and 0.26345 (5) (Lenaz unpublished data).
This fact means that they are differently ordered. In particular, spinels having high u values has an
inversion degree, i, in the range 0.12-0.14 while those with low u values show an inversion degree
equal to 0.20-0.21. Princivalle et al. (1989) argued that within a single suite of mantle xenoliths, the
ratio of the M-O to T-O bond lengths, and consequently u, are constant, despite important changes in
composition. The u values is related to the cooling history of the spinels.

The spinels with i lower than 0.14 are characterized by an intense peak at 739-753 cm™. This peak
moves towards higher values of Raman shift with the decrease of Cr#. Moreover, with the same Cr#
decrease, the peak intensity also decreases. The same features are also recognizable for the broad peaks
in the range 600-650 cm™. An opposite behavior occurs for the peak in the range 395-410 cm™, which
growths more intense and sharper as the Cr# value decreases. Notably the characteristic E, peak of the
MgAl,O, spinel has a value of 408 cm™ (D’Ippolito et al. 2015) so that it is quite clear that the decrease

of chromium in the spinel yield to an higher spinel s.s. molecule. Spinels with an inversion degree
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higher than 0.2 are characterized by the presence of a smooth peak at values in the range 150-200 cm™.
Peaks in that range are related to the inversion in FeAl,O, and MnAlL O, spinels or are characteristic of
ZnCr,O, (D’Ippolito et al. 2015). The same, but with much lower intensities, has also been observed in
MgCr,0O, and FeCr,0O, (Lenaz and Lughi 2013). These aspects seem rather interesting because that
peak seems to appear only in pure chromate or in aluminate spinels where the divalent cation present
an high T-O bond length (Fe** = 2.000; Mn** = 2.036; Lavina et al. 2002). Comparison with data and
suggestions by D’Ippolito et al. (2015) confirms that the spinels with low Cr content (Cr,0O lower than
20 wt. %) can be similar to aluminate but only if they are well ordered. Disordered spinels do not show

a clear E, mode in the position suggested by those authors.

Implications

In order to verify if Raman spectroscopy can be useful in provenance studies for spinels we analyzed
about 150 more spinels from the same occurrences already analyzed by electron microprobe. When
working on the provenance of spinels the most useful diagrams to assign them to a proper tectonic
setting are the Cr# vs. Mg# (Dick and Bullen 1984; Barnes and Roeder 2001 among the others), the
Cr# vs. TiO, (Jan and Windley 1990; Arai 1992), the TiO; vs. Al,O3 (Lenaz et al. 2000; Kamenetsky et
al. 2001) or the triangular plot of the trivalent cations Cr, Al and Fe’*. Usually the content of titanium is
quite low so that a Raman spectra should be unable to measure its influences on the shift. Consequently
we focused our attention on the relations between the Cr# and Mg# with the Raman shift. Considering
that in the natural Cr-spinels there are many peaks disappearing or appearing according to the peculiar
chemistry or inversion degree of the spinel themselves, our findings suggest that there is a good
correlation between the Cr# and the A, peak mode (R?=0.98), while the relation between Mg# and the
A\, 1s poorer (R?=0.73) because there is a large scattering of data for Mg# lower than 0.6 (Fig. 4). The

only other existing correlation could be seen between Cr# and Fa, but it is not very good (R*=0.85)
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(Fig. 5). It seems that it should be easy to assign the proper provenance to spinels with high Mg# and
low Cr# according to their A, mode. For spinels with higher Cr# it will be possible to find out the
correct Cr# but not the proper Mg# due to scattering of the data. Given this it could be said that Raman

spectroscopy applied to spinels has a limited reliability in provenance studies.
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Figure captions

Fig. 1. Raman shifts of the spinels with Cr# > 0.60. Y axis in arbitrary units

Fig. 2. Raman shifts of the spinels with 0.20 < Cr# < 0.60. Y axis in arbitrary units
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Fig. 3. Raman shifts of the spinels with Cr# < 0.20. Top diagram, inversion degree < 0.14. Bottom
diagram, inversion degree > 0.20. Y axis in arbitrary units
Fig. 4. Cr# (full circle) vs. A, mode and Mg# (open circle) vs. A, mode.

Fig. 5. Cr# vs. F», mode.

17

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld


















Table 1 Cell edge a, oxygen positional parameter u, chemical analyses, cation distribution, Cr#
(Cr/(Cr+Al) and Mg# (Mg/(Mg+Fe2+), and inversion degree of the studied spinels. Complete structural and

chemical parameters can be found in Lenaz et a. (2009a; 2010; 2012) and Derbyshire et al. (2013)

Sample LB1A BAR LB10A LB16A LB3A R2 R6
= 8.1219(1) 8.1273(1) 8.1307(1) 81321(2) 8.1542(1) 8.1726(2) 8.2359 (1)
u 0.26345 (5) 0.26251 (7) 0.26237 (7) 0.26338 (6) 0.26338 (8) 0.26351(7) 0.26310 (5)
MgO 20.9 (1) 21.5(1) 20.7 (1) 20.7 (2) 19.2 (2 175 (1) 14.6 (3)
Al,O; 60.1 (2) 56.7 (2) 57.1(2) 56.3 (2) 50.2 (4) 44.7 (2) 33.9(5)
Cr,0s3 7.51(9) 8.6 (2) 11.2 (2) 12.4 (3) 17.4 (1) 24.5 (3) 32.5(5)
FeO 9.2 (1) 8.1(2) 89 (1) 9.1(1) 10.4 (1) 12.2 (4) 15.3(2)
Fe,Os 1.7 27 1.8 1.7 3.0 0.53 2.81
T site

Mg 0.698 0.668 0.613 0.717 0.734 0.654 0.586
Al 0.106 0.149 0.185 0.100 0.052 0.067 0.047
Fe?t 0.161 0.127 0.172 0.156 0.148 0.266 0.351
Fe® 0.033 0.054 0.027 0.024 0.064 0.005 0.005
M site

Mg 0.096 0.152 0.185 0.076 0.022 0.063 0.049
Al 1.706 1.619 1.551 1.613 1.521 1.380 1.114
Cr 0.152 0.172 0.228 0.252 0.364 0.532 0.752
Fe?t 0.035 0.046 0.021 0.039 0.083 0.014 0.021
Fe3t 0.000 0.000 0.007 0.010 0.000 0.005 0.050
Cr# 0.08 0.09 0.12 0.13 0.19 0.27 0.39
Mo# 0.80 0.83 0.81 0.80 0.77 0.72 0.63

[ 0.139 0.203 0.212 0.124 0.116 0.072 0.052



Tablel

Sample  SWLB2 AV1 U392 Cc1 UDK5
2 8.2739 (2) 8.2601(4) 8.3156(2) 8.3134(6) 8.3249(2)
u 0.2630(2) 0.2629(1) 0.26259 (7) 0.2623 (1) 0.26203 (8)
MgO  10.10(15)  11.0(3) 90(1) 1116  123(2)

AlL,O; 2055200 205(4) 116 (2)  96(1)  6.26(9)
Cr,0s  4454(49) 493(7)  514(4) 607(6)  64.4(4)
FeO 2041(30)  18.7 (4) 198(6) 16.8(8) 13.6 (2)

Fe,0; 451 15 7.9 32 2.17 (9)
T site

Mg 0.452 0.462 0.438 0.485 0.591
Al 0.015 0.045 0.017 0.016
= 0.512 0.483 0.50 0.460 0.373
Fe® 0.009 0.002 0.046 0.030 0.012
M site

Mg 0.020 0.042 0.005 0.045 0.018
Al 0.744 0.700 0.453 0.350 0.230
Cr 1.103 1.213 1.340 1.552 1.701
= 0.020 0.004 0.040 0.000 0.005
Fe® 0.099 0.034 0.151 0.048 0.042
Cr# 0.59 0.62 0.75 0.81 0.87
Mgt 0.47 0.51 0.45 0.53 0.62

[ 0.024 0.047 0.046 0.047 0.028
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