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Abstract

The crystal chemistry of Cr-spinels included in spinel peridotite mantle xenoliths from
Baker Rocks and Greene Point (northern Victoria Land, Antarctica) has been studied by
single-crystal structure refinement and electron microprobe analysis. All crystals are
characterized by a dominance of Al <> Cr substitution with minor evidences of Mg «
Fe’" substitution and pertain to the Mg-rich portion of the spinel sensu stricto-chromite
join. The two groups of samples, Baker Rocks (BR) and Greene Point (GP), show
distinct degree of cation order with the inversion parameter ranging from 0.17 to 0.20
for BR spinels and from 0.06 to 0.13 for GP crystals. Closure temperatures, computed
by a geothermometer based on the MAl+"Mg «— "Al+MMg intracrystalline exchange,
range from 883 to 911°C for BR spinels and from 592 to 675°C for GP spinels. We

show that this difference is due to the higher concentration in Fe’" in GP spinels that
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enabled a faster kinetics of the intracrystalline cation ordering reaction, allowing the GP

spinels to reach a higher degree of cation ordering and then lower closure temperatures.

Keywords: Cr-spinel, crystal structure, crystal chemistry, geothermometer, order-

disorder kinetics, mantle xenoliths, Antarctica.

Introduction

Spinel-group minerals (Mg,Fe*")(Cr,Al,Fe*"),0, are common accessory phases
of basic and ultrabasic rocks both in the Earth’s upper mantle and the crust. It is widely
recognized that the structure and physical properties of spinels are governed by their
formation conditions (temperature, pressure and chemical characteristics of the system),
therefore spinels are widely exploited to reconstruct the physical parameters of their
environment of origin (see, e.g., Irvine 1965, 1967; Dick and Bullen 1984; Barnes and
Roeder 2001). The importance of this group of minerals has prompted extensive studies,
many of which are aimed at defining intracrystalline order-disorder relationships and
their dependence on equilibrium temperature, cooling history, and composition (e.g.,
Della Giusta et al. 1996; Princivalle et al. 1999; Andreozzi et al. 2000, 2001; Andreozzi
and Princivalle 2002; Bosi et al. 2008; Lucchesi et al. 2010).
The general formula of spinel may be defined as AB,O4, where A and B are usually
divalent and trivalent cations (respectively), although tetravalent cations can often occur
(e.g., FeTi,04). The spinel structure (space group Fd?m) can be described as a slightly
distorted cubic close-packed array of oxygen anions, in which the A and B cations are
distributed in one-eighth of all tetrahedrally-coordinated sites (T) and half of all

octahedrally-coordinated sites (M). With origin at 3m, T and M sites have fixed
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coordinates (1/8 1/8 1/8 and 1/2 1/2 1/2 of the cell edge, respectively), and oxygen
occupies a 3m point symmetry site with variable (U U U) coordinates. Modifications of
T-O and M-O bond distances to accommodate various chemical compositions and/or
cation ordering determine variations in the oxygen positional parameter U and the cell
edge a. Two extreme site populations are possible: normal "(A)*(B),04 and inverse
T(BYM(AB)O,, both being ordered. However, natural spinels are commonly disordered
and their cation distributions lie between these two extremes. The general formula
defining the disordered cation distributions is T(ALB)M(AB,.)O4 where the letter i
represents the inversion parameter, that is the number of divalent cations at the M site.
This parameter is strongly sensitive to temperature, and the inspection of literature
reveals that for temperature increasing up to 1500 °C the value of i increases in normal
spinels, from ca. zero to ca. 0.35, and decreases in inverse spinels, from ca. one to ca.
0.70 (Nell et al. 1989; O’Neill et al. 1992; Redfern et al. 1999; Andreozzi et al. 2000).
In addition to temperature, the value of i is strongly dependent on spinel chemical
composition and cation site preference. As for example, it is recognized that Cr** only
occupies the spinel M site; Al and Cu®" exhibit preference for the M site but are
available to partly invert into the T site at high temperature; Fe’" has no preference; Mg,
Fe**, Mn®" and Co®" exhibit preference for the T site but are available to partly invert
into the M site at high temperature; Zn only occupies the T site (Andreozzi et al. 2001;
Andreozzi and Lucchesi 2002; Bosi et al. 2007; Halenius et al. 2010; 2011; Fregola et
al. 2012; D’Ippolito et al. 2012; Bosi et al. 2012). Consequently, at high temperature
most of the cations are partially disordered between the T and M sites, but during the
cooling path there is a progressive ordering of most of divalent cations at T and of Al at
M. The temperature at which the rate of exchange slows to the point where the change

is no longer detectable is defined as closure temperature (T.). This implies that the
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process of cation ordering relies on the rate at which spinel cooled, and is a track of
thermal history of host rock. Slow cooling allows a strong cation ordering in spinel and
determines low T, while fast cooling preserves the disordered state and determines high
T. (Princivalle et al. 1989; Della Giusta et al. 1996; Lucchesi and Della Giusta 1997;
Lucchesi et al. 1998; Princivalle et al. 1999; Andreozzi et al. 2000; Andreozzi and
Princivalle 2002; Lucchesi et al. 2010; Princivalle et al. 2012). In this regard, the
presence of Cr in the spinel structure should not affect the T, value, as shown by he
invariance of T, with respect to Cr in spinels coming from different localities (Uchida et
al. 2005).

In this study, we report structural data of a set of Cr-spinels belonging to the
peridotite mantle xenoliths from northern Victoria Land (Antarctica) carried to the
surface by Cenozoic alkaline basic lavas. The structural parameters along with chemical
data have been used to estimate the closure temperatures of the analyzed crystals in
order to define the cooling history experienced by the northern Victoria Land spinel-

peridotitic xenoliths.

Geological setting

The West Antarctic Rift System (WARS, Tessensohn and Worner, 1991) is a
region of lithospheric thinning revealed by a topographic trough running from the
Antarctic Peninsula to the Ross Embayment-northern Victoria Land (NVL; Behrendt et
al. 1991). The western flank of the rift in NVL is the back bone of the Transantarctic
Mountains (TAM), representing the uplifted roots of the Early Paleozoic Ross Orogen.
TAM uplift was practically amagmatic and it was accompanied by extensional tectonics
in the adjacent Ross Sea Region during Late Cretaceous (e.g., Fitzgerald and Stump

1997 and reference therein).

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

11/13



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4515

Diffuse igneous activity has characterized the WARS since the Eocene. In
northern Victoria Land, plutons, dyke swarms and volcanoes are emplaced in an area of
about 400 x 80 km (Fitzgerald and Stump 1997; Rocchi et al. 2002; Tonarini et al.
1997). The volcanic products are grouped in the McMurdo Volcanic Group (Kyle
1990), while intrusive-subvolcanic varieties are collectively referred to as Meander
Intrusive Group (Tonarini et al. 1997).

Spinel peridotite mantle xenoliths were brought to the surface by primitive
alkaline magmas erupted from monogenetic cinder cones, at the margin of larger
volcanoes or scattered on the crystalline basement, where the major active faults
provided direct pathways to the surface (Salvini et al. 1997; Orlando et al. 1997). In
particular, studies on xenoliths from two sites of NVL have revealed the heterogeneous
nature of the underlying upper mantle, resulting from the combined effects of partial
melting and metasomatic enrichment processes (Worner 1999; Coltorti et al. 2004;

Perinelli et al. 2006).

Experimental methods

Spinel crystals were separated by hand under a binocular microscope from a set of
coarse-type peridotite xenoliths collected from monogenic cinder cones on the Ross Sea
margin of WARS at Greene Point and Baker Rocks, two localities only 80 km apart.
The xenoliths were selected on the basis of their refractory character, expressed in term
of extent of melt extraction (i.e., degree of partial melting, F%, Table 1) and
metasomatic signature. In Baker Rocks samples this latter is revealed by the occurrence
of amphibole as dispersed grains or in vein (e.g., composite xenolith BR218, Table 1)
and enrichments in major, minor (Fe and Ti, respectively) and incompatible trace

elements. On the contrary, in Greene Point samples, the metasomatism is revealed by
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151  the selective enrichment in incompatible elements of clinopyroxene (cryptic
152  metasomatism; Table 1). Details on texture features and composition are reported in
153  Perinelli et al. (2012 and references therein).

154

155 Single-crystal structural refinement

156 X-ray diffraction measurements were performed at Earth Sciences Department,
157  Sapienza University of Rome, with a Bruker KAPPA APEX-II single-crystal
158  diffractometer, equipped with CCD area detector (6.2 x 6.2 cm” active detection area,
159 512 x 512 pixels) and a graphite crystal monochromator, using MoKa radiation from a
160  fine-focus sealed X-ray tube. The sample-to-detector distance was 4 cm. More than
161 4000 exposures per sample (step = 0.2°, time/step = 10 s) covering a full reciprocal
162  sphere with a high redundancy of about 20 were collected. The orientation of the crystal
163  lattice was determined from 500 to 1000 strong reflections (I > 100 o) evenly
164  distributed in the reciprocal space, and used for subsequent integration of all recorded
165 intensities. Final unit-cell parameters were refined by using Bruker’s AXS SAINT
166  program on reflections with | > 10 o) in the range 8° <20 < 90°. The intensity data were
167  processed and corrected for Lorentz, polarization and background effects with APEX2
168  software program of Bruker AXS. The data were corrected for absorption using multi-
169  scan method (SADABS). The absorption correction led to a significant improvement in
170 Ry No violation of Fd3m symmetry was noted. Sporadic appearance of forbidden
171  space-group reflections was recognized as double reflections.

172 Structural refinements were done with the SHELXL program (Sheldrick 2008).
173 Setting the origin at 3m, initial atomic positions for oxygen atoms were taken from the
174  structure of spinel (Bosi et al. 2010). Variable parameters were overall scale factor,

175  extinction coefficient, atomic coordinates, site scattering values expressed as mean
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atomic number (m.a.n.), and atomic displacement factors. No chemical constraint was
applied during the refinement. To obtain the best values of statistical indexes (R1 and
WR2) the oxygen site was modeled with fully ionized oxygen scattering curves, while
neutral curves were used for the cation sites. In detail, the T site was modeled
considering the presence of Mg and Fe scattering factors, whereas the M site was
modeled by Al and Cr scattering factors. Three full-matrix refinement cycles with
isotropic displacement parameters for all atoms were followed by anisotropic cycles
until convergence was attained, that is, when the shifts in all refined parameters were
less than their estimated standard deviation. No correlation over 0.7 between parameters
was observed at the end of refinement. Table 2 summarizes structural parameters and

refinement details.

Chemical analysis

The chemical compositions of the crystals structurally refined were determined
by means of electron microprobe (EMP) techniques, using a Cameca SX-50 instrument
of the IGAG-CNR-Roma equipped with four wavelength dispersive spectrometers and a
field emission electron gun operated at 15 kV accelerating potential and 15 nA beam
current at a beam diameter of 1 um. Cr-metal, Ni-metal, Al-corundum, Ti-rutile, Fe-
magnetite, Mg-olivine, Mn-metal, Ca, Si-wollastonite were used as standards. The ZAF
matrix correction procedure was applied for raw data reduction. Each element
determination was accepted after checking that the intensity of analyzed standards
before and after each measurement was within 1.00 & 0.01. Precision for major elements
(Mg, Fe, Al and Cr,) was usually within 1% of the actual amount present, and that of
minor elements was within about 5%. A minimum of 6 spot analyses per crystal were

performed (Table 3).
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The contents of Fe* and Fe*" in Table 3 were obtained from EMP chemical
analyses by applying the Fe’"/Fe, ratios determined by Mdssbauer spectroscopy, as

described in Perinelli et al. (2012).

Cation distribution

The intracrystalline cation distribution was obtained by an optimization program
applying a minimization function in which both structural and chemical data (such as
bond lengths and site-scattering in terms of equivalent electrons, i.e., mean atomic
number) are taken into account. The minimization procedure has been presented and
discussed previously (Carbonin et al. 1996; Andreozzi et al. 2001; Lavina et al. 2002;
Bosi et al. 2004; Lenaz and Princivalle 2011; Della Giusta et al. 2011). For example,
octahedral and tetrahedral bond lengths (M-O and T-O, respectively) can be calculated
as the linear contribution of each cation multiplied by its ideal bond length, the latter
refined on the basis of analysis of more than 250 spinel structural data from the
literature (Lavina et al. 2002). For our samples, Cr, Ti*" and Ni*" were constrained to
the M site, whereas Si and cation vacancies were constrained to T site. The optimized
values of the variable cation fractions Al, Fe'*, Mg and Fe** gave the final cation

distributions (Table 4).

Results and discussion

Crystal chemistry

The investigated crystals are characterized by high contents of Al ranging from
1.03 to 1.76 atoms per formula unit (apfu), lower contents of Cr’* ranging from 0.21 to

0.93 apfu, relatively high contents of Mg from 0.68 to 0.78 apfu, and lower contents of
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both Fe*" from 0.15 to 0.31 apfu, and Fe’* from 0.04 to 0.09 apfu (Table 3). Four end-
members are able to reproduce more than 90% of the observed chemical composition of
the studied crystals (Table 4). Spinel sensu stricto (MgAl,04) and chromite (FeCr,O4)
are the most abundant components, while magnesiochromite (MgCr,0y4) is significantly
present only in samples GP6 and GP22; hercynite (FeAl,O4) characterizes samples
GP42, BR218 and BR218*. As the spinel sensu stricto component is always dominant
(ranging from 53 to 80%) and the (chromite+magnesiochromite) component is highly
variable (7 to 41%)), the studied crystals may be classified as Cr-rich spinel sensu stricto
(Fig. 1). The intracrystalline cation distribution (Table 4) reveals that the inversion
parameter | ranges from 0.06 to 0.20. In detail, the samples of Greene Point suite show
lower inversion degree (0.06-0.13) than the samples of Baker Rocks suite (0.17-0.20).
The number of cation vacancies is very low and can be considered as negligible in BR
samples (< 0.01 per formula unit, pfu), but it is relevant in GP samples (up to 0.03 pfu).
The occurrence of cation vacancies may be explained by the post-formation process of
progressive oxidation of Fe*" to Fe’" described by the mechanism: 2Fe*" + 10, —
2Fe’" + O* + vacancy (O’Reilly and Banerjee 1967; Menegazzo et al. 1997; Bosi et al.
2004; Quintiliani et al. 2006). In the studied samples such a mechanism is supported by
the concomitant increase of cation vacancies and Fe®* contents, in a ratio close to 1:2
(Fig. 2).

The unit-cell parameter increases with increasing Cr (Fig. 3). The bond distances
T-O and M-O change as a function of Al at the T and M sites, according to the relations:

T-O= 1.966 —0.165 x "Al (r*=0.97)

M-O = 1.993 — 0.037 x MAl (r*=0.92)
The oxygen positional parameter U marks a significant difference between GP and BR

spinels: the u value observed for BR spinels ranges from 0.2623 to 0.2626, whereas, for
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251  GP spinels, U varies from 0.2628 to 0.2633 (Table 2).

252
253  Intracrystalline geothermometry

254 The geothermometer described by Princivalle et al. (1999) allows to obtain the
255  closure temperature for spinel from its cation distribution. It is based on the
256  temperature-dependent intracrystalline exchange reaction MAl + "Mg « TAl + MMg,

257  The closure temperature T, is obtained by the relation:
258 Te = 6640 ["Al/Al, + 0.101(1 — "Mg — "Al) + 0.041(2 — MAl - MMg)]

259  where the coefficients take into account the compositional influence of the other
260  cations. The uncertainty associated with this geothermometer is £20 °C. The calculated
261 T, are listed in Table 5. The calculated T, values obtained for spinels hosted in BR
262  peridotite xenoliths range from 883 to 911 °C, whereas T, values obtained for GP
263  spinels range from 592 to 675 °C, remarkably lower than previous ones.

264  As stressed by Lucchesi et al. (2010), it should be noted that each of these values
265  represents the temperature at which the intracrystalline exchange reaction practically
266  stopped. The closure temperature is linked to the kinetics of cooling events, which
267  among other factors depend on cooling rate of the lava hosting the xenoliths, on the
268  sizes of the xenoliths and on the position of the crystal within the xenoliths. In fact, it is
269  expected that large xenoliths will cool more slowly than small ones and crystals close to
270  xenolith rims will close at a higher temperature than those located in the inner parts.
271  Thus, crystals initially at the same equilibrium temperature within the mantle may
272 follow different cooling paths and therefore show different closure temperatures. In this
273 view, only the T.’s recorded by the BR spinels (~900 °C) are in agreement with

274  equilibrium temperatures (907-933 °C; Table 5) calculated by the intercrystalline
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olivine-spinel geothermometer of Ballhaus et al. (1991) and both are close to the range
of equilibrium temperatures estimated for NVL lithospheric mantle (~900-1100 °C;
Armienti and Perinelli 2010). This indicates that the cooling rate of these xenoliths was
so fast as to prevent the triggering of the intracrystalline Mg-Al ordering reaction in the
spinel. On the contrary, the low T,.’s recorded by GP spinels (592-675 °C; Table 5), and
their discrepancy with olivine-spinel intercrystalline temperatures (985-1113°C; Table
5), would suggest that GP xenoliths underwent cooling rates slower than BR xenoliths,
even though their similarities in host rocks and xenolith sizes point to comparable fast

cooling histories.

Applicability of spinel intracrystalline geothermometry to mantle xenoliths

The differences in calculated closure temperatures between BR and GP spinels
reflect the observed differences in the values of i parameter (0.17-0.20 and 0.06-0.13 for
BR and GP samples, respectively) and namely the differences of the crystal-chemical
relationships between U parameter and Cr content (Fig. 4). In this regard, Lenaz et al.
(2010) investigated on the equilibration processes involved in the cooling history of the
lherzolite mantle peridotites of Ronda (Spain). They observed that for similar Cr
content, U values of Cr-spinels from peridotite mantle xenoliths are always lower than
those of Cr-spinels from mantle peridotite massifs. Moreover, they demonstrated that in
the peridotite massifs the variation in Cr content of spinels is linearly related to the
change in the U parameter, on the contrary in spinels from xenoliths no correlation was
found between Cr and u. Lenaz et al. (2010) related the observed different behaviors to
the cooling path experienced by the mantle rocks (massif/xenolith): slow cooling for a
peridotite massif during its sluggish (million years) ascent into the Earth crust or fast

cooling for xenoliths (minutes/hours) linked to the host lava chilling after its
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emplacement at the surface. They also reported that the intracrystalline closure
temperatures calculated from Cr-spinels of mantle xenoliths are usually higher (T, =
700-1000°C) than those derived from spinels of mantle peridotite bodies/massifs (T, <
700°C).

In our case, as expected for spinels from mantle xenoliths, BR samples show T, ~ 900°C
and do not display relationships between Cr content and the u parameter. On the
contrary, GP spinels exhibit lower T, values (< 700°C) and a linear correlation between
the Cr content and U parameter, whose trend approaches that commonly shown by
spinels from peridotite bodies/massifs (Fig. 4). Both the T. values and the u-Cr
relationships determined for these spinels are in contrast with the rapid cooling of lava
that carried the GP xenoliths from the mantle. Therefore, differences in T. and u-Cr
relationships between GP and BR spinels must be attributed to the respective diversities
in crystal chemistry.

Experimental studies on spinels have demonstrated that the kinetics of intracrystalline
cation order-disorder is influenced by Fe’" and Cr contents as well as by non-
stoichiometry (O’Neill 1994 1997; Harrison and Putnis 1999; Princivalle et al. 2006;
Martignago et al. 2006; Princivalle et al. 2012). In particular, the presence of Fe’*
fosters the intracrystalline cation ordering process, because it was established that, in
Fe*-rich aluminate spinels, the Mg-Fe’* site exchange proceeds at higher speed and to
lower temperature than the Mg-Al exchange (Martignago et al. 2006). The main
compositional difference between GP and BR spinels is in Fe’" content. Even for the
same Cr#, the GP spinels are significantly enriched in Fe** compared to BR samples
due to oxidation and creation of cation vacancies (Table 3). Consequently, since both
GP and BR suites experienced the similar cooling histories, we argue that the higher

concentration in Fe’" and non-stoichiometry of GP spinels permitted cation ordering to
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lower temperature, and thus recording lower T, during the host lava cooling.

The present study confirms that intracrystalline Mg-Al distribution between the
T and M sites in the spinel structure is a very sensitive recorder of temperature
variation. In the present case, when this approach was applied to non-stoichiometric Cr-
spinels from mantle xenoliths, in spite of the rapid cooling of magma that carried the
xenoliths, the closure temperatures obtained did not record the thermal conditions
within the mantle, but reflect phases of the cooling of the xenolith-host lava. This
implies that a full chemical and structural characterization along with accurate crystal-
chemical analysis is needed in order to solve problems concerning the cooling rate of

spinel-hosting rocks.
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Figure captions

Figure 1. Spinel classification diagram. GP = Greene Point, BR = Baker Rocks,

BR218* = portion of the lherzolite adjacent to amphibole-bearing vein.

Figure 2. Ferric iron (Fe’") vs. vacancy amount for Greene Point and Baker Rocks
spinels. Symbol dimensions are proportional to +26. GP = Greene Point, BR = Baker

Rocks, BR218* = portion of the lherzolite adjacent to amphibole-bearing vein.

Figure 3. Unit-cell parameter a (A) vs. Cr content (apfu). Symbol dimensions are
proportional to £26. GP = Greene Point, BR = Baker Rocks, BR218* = portion of the

lherzolite adjacent to amphibole-bearing vein.

Figure 4. Oxygen positional parameter U Vs. Cr content (apfu).
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TABLE 1 - Spinel-peridotite xenoliths from lithospheric mantle of northern Victoria Land selected for the present study

Sample Rock type  Cr# in Spinel F% Type of metasomatism
GP6 harzburgite 0.39 15 cryptic
GP22 harzburgite 0.47 17 cryptic
GP31 harzburgite 0.24 10 cryptic
GP40 Iherzolite 0.2 8 unmetasomatized
GP42 Iherzolite 0.1 2 unmetasomatized
BR213 lherzolite 0.27 11 cryptic
BR218 Iherzolite 0.19 8 cryptic
BR218* lherzolite 0.22 9 Fe-Ti
BR219 harzburgite 0.16 6 cryptic

Notes: GP: Greene Point; BR: Baker Rocks; *: lherzolite portion adjacent to the amphibole-bearing
vein crosscutting the xenolith; Cr#: Cr number expressed as Cr/(Cr+Al) atom; F%: degree of partial
melting calculated using the Hellebrand et al. (2001) formulation based on the Cr# =[Cr/(Cr+Al)] ratio in
spinel; Sp: spinel.




TaBLE 2. Selected X-ray diffraction data of the spinels from northern Victoria Land

Crystal GP6 GP22 GP31 GP40 GP42 BR213 BR218 BR218* BR219

Crystal sizes (mm) 0.60x0.16x0.15 0.14x0.12x0.10 0.16x0.12x0.10 0.15x0.12x0.10 0.18x0.14x0.10 0.11x0.10x0.10 0.18x0.16x0.14 0.11x0.10x0.06 0.16x0.14x0.08

a(A) 8.1983(2) 8.2219(1) 8.1544(3) 8.1509(1) 8.1304(2) 8.1743(2) 8.1573(3) 8.1695(1) 8.1466(2)

u 0.26303(5) 0.26281(3) 0.26303(3) 0.26328(4) 0.26333(3) 0.26234(4) 0.26264(4) 0.26264(4) 0.26242(4)

T-O (A) 1.9600(7) 1.9625(5) 1.9495(5) 1.9523(5) 1.9480(4) 1.9445(5) 1.9447(6) 1.9475(5) 1.9391(5)

M-O (A) 1.9486(3) 1.9558(2) 1.9382(2) 1.9355(3) 1.9303(2) 1.9480(3) 1.9417(3) 1.9446(3) 1.9407(3)

T-m.a.n. 15.39(7) 15.43(6) 14.57(5) 14.96(7) 14.56(5) 15.41(6) 16.17(10) 16.46(7) 15.19(5)

M-m.a.n. 17.55(6) 18.06(6) 15.55(5) 15.19(7) 14.27(3) 15.96(4) 15.26(10) 15.46(5) 14.99(4)

T-Uu" (A? 0.00645(14) 0.00648(10) 0.00644(11) 0.00613(13) 0.00585(10) 0.00644(10) 0.00665(12) 0.00687(10) 0.00614(10)

M-U ' (A?) 0.00472(8) 0.00447(6) 0.00488(7) 0.00468(10) 0.00452(7) 0.00479(7) 0.00492(10) 0.00493(7) 0.00488(7)

M-U 2 (A?) -0.00035(3) -0.00033(3) -0.00038(3) -0.00032(3) -0.00036(3) -0.00027(3) -0.00025(3) -0.00029(3) -0.00023(3)

o-u" (A 0.00647(13)  0.00690(10)  0.00697(9) 0.00676(12)  0.00645(8) 0.00832(10)  0.00824(13)  0.00862(10)  0.00840(10)

0-U "2 (A?) -0.00077(9) -0.00079(7) -0.00046(6) -0.00062(7) -0.00045(6) -0.00029(8) -0.00027(8) -0.00029(8) -0.00013(8)

Reciprocal space range hkl -16<h<15 -13<h<13 -15<h<12 -15<h<12 -16<h<8 -16<h<15 -3<h<16 -14<h<14 -16<h<11
-11<k<12 -14<k<16 -14<k<12 -15<k<10 -12<k<14 -13<k<10 -15<k<14 -14<k<14 -11<k<14
-16<1<11 -16<1<12 -16<1<13 -15<1<16 -16<1<10 -8<1<16 -15<1<16 -16<1<16 -16<1<12

EXTI 0.014(1) 0.0133(5) 0.038(1) 0.048(2) 0.021(1) 0.0062(5) 0.021(1) 0.0039(5) 0.0074(5)

Total reflections 2633 2668 2794 2749 2653 2709 2546 2781 2550

Unique reflections 133 139 135 136 135 137 136 138 135

Rint. (%) 1.85 1.68 2.11 1.93 2.10 1.18 1.30 1.31 1.25

R1 (%) all reflections 1.17 0.75 0.83 0.99 0.82 0.95 1.06 0.96 0.99

WR2 (%) all reflections 3.09 1.94 2.04 2.52 2.21 2.38 2.61 2.38 2.23

GooF 1.217 1.338 1.207 1.300 1.308 1.216 1.190 1.222 1.205

Diff. Peaks (+e/A% —-0.38; 0.36 -0.18;0.17 -0.19; 0.15 -0.20; 0.15 -0.17; 0.17 -0.23; 0.20 -0.28; 0.24 -0.22; 0.26 -0.22; 0.20

Notes: a = unit-cell parameter; u = oxygen fractional coordinate; T-O and M-O = tetrahedral and octahedral bond lengths, respectively; T- and M-m.a.n.. = T- and M-mean atomic number; U "
= atomic displacement parameter; U "=y2=yB¥andu=u"=y= (= 0 for T-site due to symmetry reasons); EXTI = extinction parameter; R int. = merging residual value; R1 =
discrepancy index, calculated from F-data; wR2 = weighted discrepancy index, calculated from F’-data; GooF = goodness of fit; Diff. Peaks = maximum and minimum residual electron density.

Radiation, Mo-Ka. = 0.71073 A. Data collection temperature = 293 K. Total number of frames = 1500. Range for data collection 8° < 26 < 91°. Origin fixed at 3m. Space group Fd3m.Z =8
formula units. Spinel structure has cations at Wyckoff positions 8a=T (1/8, 1/8, 1/8) and 16d = M (1/2, 1/2, 1/2), and oxygen anions at 32e (u, u, u).




TABLE 3. Chemical composition (% in weight) of spinels from northern Victoria Land

Crystal GP6 GP22 GP31 GP40 GP42 BR213 BR218 BR218* BR219
SiO, 0.06(3) 0.04(2) 0.05(1) 0.16(7) 0.06(3) 0.04(1) 0.03(1) 0.04(2) 0.03(1)
TiO, 0.03(1) 0.08(4) 0.09(2) 0.10(4) 0.14(4) 0.10(3) 0.13(3) 0.50(2) 0.22(4)
AlLO; 36.26(13) 30.56(9) 47.68(2) 50.32(39) 58.07(4) 43.30(2.14) 50.14(18)  46.99(11) 52.27(8)
Cr,04 35.15(37)  40.98(20) 21.92(11) 18.29(5) 10.45(1) 24.11(27) 17.85(12) 19.75(8) 15.38(13)
FeO 11.12(3) 11.86(17) 9.85(12) 11.04(30) 10.26(16) 12.35(19) 14.39(16) 15.54(2) 11.43(1)
MgO 17.69(17) 16.83(23) 19.02(13) 19.73(11)  20.45(15) 18.81(1.90) 17.37(2) 16.69(4) 19.67(33)

NiO 0.21(3) 0.18(6) 0.30(8) 0.32(5) 0.38(4) 0.21(3) 0.30(4) 0.26(4) 0.33(5)
FeQ’ 7.23 8.90 6.80 9.16 8.00 10.50 12.37 13.52 9.83
Fe,03’ 4.32 3.30 3.40 2.09 2.51 2.06 2.24 2.25 1.78
Total 100.95 100.86 99.26 100.17 100.06 99.14 100.43 99.99 99.49
Cations on the basis of 4 oxygen atoms per formula unit (apfu)
Si* 0.002(1) 0.001(1) 0.002(1) 0.004(2) 0.002(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1)
Ti* 0.001(1) 0.002(1) 0.002(1) 0.002(1) 0.003(1) 0.002(1) 0.003(1) 0.010(1) 0.004(1)
AP 1.192(5) 1.035(5) 1.512(3) 1.573(7) 1.758(4) 1.411(52) 1.586(4) 1.515(2) 1.634(7)
cr* 0.775(7) 0.931(5) 0.466(2) 0.384(2) 0.212(1) 0.527(19) 0.379(2) 0.427(2) 0.322(3)
Fe® 0.091(1) 0.071(1) 0.069(1) 0.042(1) 0.048(1) 0.043(2) 0.045(1) 0.046(1) 0.036(1)
Fe®* 0.169(1) 0.214(3) 0.153(3) 0.203(5) 0.172(3) 0.243(9) 0.278(3) 0.309(1) 0.218(1)
Mg** 0.735(6) 0.721(8) 0.763(4) 0.780(5) 0.783(5) 0.775(6) 0.695(2) 0.680(2) 0.778(10)
Ni** 0.005(1) 0.004(1) 0.007(2) 0.007(1) 0.008(1) 0.005(1) 0.007(1) 0.006(1) 0.007(1)
Total cations 2.969 2.979 2973 2.995 2.986 3.006 2.992 2.995 2.999
Vacancy 0.031 0.021 0.027 0.005 0.014 - 0.008 0.005 0.001
e empa 49.83 52.03 46.02 45.68 43.38 47.91 46.68 47.75 45.20

€ SReF 50.48 51.55 45.67 45.35 43.11 47.33 46.69 47.39 45.18

Ae” 0.65 0.48 0.34 0.33 0.27 0.57 0.01 0.36 0.02

Notes : Digits in brackets are estimated uncertainties (10): for reported oxide concentrations, they represent standard deviations of several analyses on

individual crystals, while, for cations, they were calculated according to error propagation theory. 2e™ gypa and Xe™ srer = number of electrons per formula
unit (epfu) derived from chemical and structural analysis, respectively; Ae = absolute deviation between e gypa and €’ srer;

¢ = Determined on the basis of Mdssbauer spectroscopy analysis, errors on Fe* /Fey ratios estimated at maximum # 0.03 (Perinelli et al., 2012).




TABLE 4. Cation site distribution (apfu), inversion and end-member compositions (%) for spinels from northern Victoria

Land
GP6 GP22 GP31 GP40 GP42 BR213 BR218 BR218* BR219
T site
Si 0.002 0.001 0.002 0.004 0.002 0.001 0.001 0.001 0.001
Al 0.036 0.029 0.088 0.078 0.103 0.126 0.136 0.125 0.161
Fe* 0.082 0.073 0.069 0.041 0.048 0.043 0.045 0.046 0.035
Fe? 0.169 0.190 0.136 0.175 0.143 0.197 0.233 0.261 0.181
Mg 0.680 0.687 0.679 0.697 0.692 0.633 0.576 0.563 0.622
Vacancy 0.031 0.022 0.027 0.005 0.014 0.000 0.008 0.005 0.001
Total T 1.000 1.000 1.000 1.000 1.001 1.000 1.000 1.000 1.001
M site
Ti 0.001 0.002 0.002 0.002 0.003 0.002 0.003 0.010 0.004
Al 1.138 0.996 1.425 1.498 1.652 1.283 1.444 1.385 1.474
Cr 0.791 0.938 0.466 0.382 0.212 0.539 0.382 0.428 0.321
Fe* 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe? 0.000 0.027 0.017 0.023 0.030 0.029 0.048 0.050 0.037
Mg 0.057 0.034 0.085 0.087 0.095 0.141 0.118 0.121 0.158
Ni 0.005 0.004 0.007 0.007 0.008 0.005 0.007 0.006 0.007
Total M 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.001 2.000
Inversion 0.06 0.07 0.1 0.12 0.13 0.18 0.17 0.18 0.20
End-member
MgAl,O4 61 53 77 80 80 70 70 69 78
FeCr,04 17 21 15 19 7 24 18 21 16
MgCr,O4 14 20 1 0 0 2 0 0 0
FeAl,O4 0 0 0 1 10 0 10 8 4
AB,O, 8 5 7 0 3 5 1 2 2

Notes: apfu = atoms per formula unit; inversion parameter calculated as the number of divalent cations at the M site.




TABLE 5 — Calculated intracrystalline closure temperature (T.) versus intercrystalline equilibrium temperature (T) of spinel-peridotite
xenoliths from lithospheric mantle of northern Victoria Land selected for this study

Sample T:.(°C) T (°C)
GP6 612 1032
GP22 639 1048
GP31 675 1109
GP40 592 985
GP42 594 1113
BR213 911 907
BR218 883 911
BR218* 891 927
BR219 899 933

Notes: T, by the relation of Princivalle et al. (1999);
T by the olivine-spinel geothermometer of Ballhaus
et al. (1991), data from Perinelli et al. (2012). The
uncertainty of +20°C is associated to both methods.






