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ABSTRACT

Natural and synthetic common-rock forming minerals were examined using
single-crystal X-ray diffraction (SXRD) and electron microprobe (EMP) analyses. The
influences of common defect features, such as inclusions in spinel and oxygen positional
disorder and twinning in kalsilite, were reported on the respective structures. The case
studies show that these defect features could lead to a misinterpretation of X-ray intensity
data. The structural interpretations obtained from these XSRD analyses could be
significantly different when physical properties of the crystals are considered.
In the second part of my dissertation, comparative crystal chemical studies on
mantle-derived minerals such as spinel, clinopyroxene, and olivine are reported. These
studies were carried out to examine temperature, pressure, and compositional effects on
the structures of these phases. In particular, packing arrangements of oxygen atoms were
examined in detail to investigate how the packing affects element partitioning among
upper-mantle minerals. At ambient conditions, oxygen packing is more distorted in the
order of spinel < olivine < clinopyroxene. The packing of oxygen atoms in olivine might
have a significant control on element substitutions at high pressure. Because elements
whose radius is larger than that of Mg distort the packing of mantle olivine (Fo~89),
olivine might limit the amount of those elements, such as Fe2+, entering the structure. In
contrast, substitutions of smaller cations in C2/c clinopyroxenes increase packing
distortion. For clinopyroxenes enclosed in peridotite and eclogite, higher equilibration
pressures are associated with more distorted, less efficiently packed structures. Unlike
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many minerals reported in Thompson and Downs (2001), spinel becomes more packed
with rising temperature when intracrystalline cation exchange reactions are possible.
Despite wide chemical variations, spinel samples from one geological environment
display a constant packing distortion, which might suggest that spinel is capable of
achieving an optimal packing configuration at a given P and T.
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INTRODUCTION

Explanation of the Problem and its Context
This dissertation consists of two parts; (1) investigations of common rock-forming
minerals with defects such as inclusions and twinning and (2) comparative crystal
chemical studies on spinel, clinopyroxene, and olivine that are found in mantle xenoliths.
The minerals investigated with single-crystal X-ray diffraction (SXRD) and
electron microprobe (EMP) in this dissertation are all common rock-forming minerals.
The spinel structure is associated with important properties that lead to extensive studies
in material sciences. The spinel structure is common in nature, as seen in magnetite and
aluminate and silicate spinels. Olivine and pyroxene are abundant in the Earth’s upper
mantle, and their properties control the rheology of the upper mantle. Because the mantle
is inaccessible, xenoliths are one of the few materials that provides valuable information
on petrogenesis and mantle processes. Many crystal chemical studies of the mantle
minerals, spinel, clinopyroxene, and olivine, have been published, and are reviewed here.
P-T conditions of xenoliths from San Carlos Volcanic Field (SCVF) were determined
using the geothermobarometer proposed by Nimis (1995).

Literature Review
Each appended manuscript contains a review of the relevant literature in its
introduction. Previous work, where relevant, is also examined in the discussion sections.
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Explanation of the Dissertation Format
The format of this dissertation satisfies the requirement from the University of
Arizona Graduate College. My main studies are appended either in the form of published
papers (APPENDICES A and C) or of prepared manuscripts for future publication
(APPENDICES B, D, and E). All of these are prepared by me as a first author. As my
advisor and co-author, Prof. Robert Downs guided me with the direction of my research
and helped me with the polishing of the manuscripts for the publications. Dr. Barbara
Lavina and Dr. Hexiong Yang have provided me substantial support in the discussion and
organization of my manuscripts in a few of the projects with much patience and
dedication.

PRESENT STUDY

The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. This dissertation consists of five peer-reviewed papers and
focuses on crystal chemical features that some common rock-forming minerals display.
The first two discuss the use of the X-ray diffraction technique (SXRD) combined with
electron microprobe (EMP) and the analyses of common defect features exhibited by
rock-forming minerals such as spinel (APPENDIX A) and kalsilite (APPENDIX B). The
following three appendices comprise one project, crystal-chemical and structural studies
of major phases in mantle xenoliths from San Carlos Volcanic Field, AZ: spinel
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(APPENDIX C), clinopyroxene (APPENDIX D), and olivine (APPENDIX E). The
following is a summary of key points in these papers.

Analytical Complications due to Common Defects found in Minerals
With a petrographic microscope, one can often see mineral inclusions, twinning
and lamellae in rock thin-sections. There are many other complex defect features that we
might be able ‘see’ with the use of SXRD, such as interstitial atoms and vacancies, and
order-disorder, all of which make X-ray diffraction analysis challenging. APPENDICES
A and B address those features and how each problem was approached with the use of
several techniques.
In the fields of Earth and Planetary sciences, much effort was put into
development of techniques for determination of the valence state of vanadium because V
can occur in four different valence states in nature and can be an indicator of the oxygen
fugacity of the source. Using SXRD and EMP, I successfully determined the valence
states of V in several spinels synthesized under different oxygen fugacity conditions
(Righter et al., 2006). Some of the spinel crystals synthesized under certain fO2
conditions contained inclusions. Those samples were further investigated as discussed in
APPENDIX A. Although the inclusions were visible under a petrographic microscope,
they were too small (< 2 microns) for the EMP to resolve and to confirm the phase.
SXRD also gave us an unusual, but previously reported feature in these crystals:
anomalous intensities that gave rise to an electron density at an interstitial site. Therefore,
electron backscatter diffraction (EBSD) equipped with X-ray energy dispersive
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spectroscopy (XEDS) was used to not only confirm MgO phase, but also to determine the
orientations of the inclusions. Those MgO inclusions had the same crystallographic
orientation with spinel, which led to a complication in analysis of X-ray diffraction data.
After confirmation of the phase and the orientations of the inclusions, the spinel was
characterized without the inclusions by extracting the amount of intensity contributed by
MgO from the observed overall intensity.
A series of experiments were carried out to investigate a source of large oxygen
displacement parameters in kalsilite (APPENDIX B). A crystal (K0.88Na0.10)(Al0.94Si1.02
Fe3+0.04)O4 from San Venanzo, Italy, was examined at room temperature as well as
cryogenic temperatures, 254, 223, and 100 K. The isotropic displacement parameters of
all the atoms decreased significantly from room temperature to 223 K, below which they
stayed constant. The change in the isotropic displacement parameter is most significant
for O1 where the parameter stayed large even at 100 K (Uiso = 0.035 Å2), indicating that
large displacement parameters observed at room temperature resulted from both dynamic
and positional disorder. On the other hand, the change in the isotropic displacement
parameter was also significant for potassium atom, but the value below 223 K was small
(Uiso = 0.01 Å2), indicating only dynamic disorder. Because the X-ray intensity data of
this sample suggested that the structure had a higher symmetry than that reported in the
literature, the structure was examined for more detail. Since an apparent higher symmetry
is often caused by a twinning, the refinement was carried out assuming that the structure
displayed merohedral twinning. The refinement converged with reasonable agreement
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between observed structure and the model, confirming that the twinning was causing the
structure to appear to have a higher symmetry than it actually had.

Applications of Crystal Chemistry to Geological Problems
Intercrystalline element partitioning is one of the most important subjects for
Earth scientists because it might be the key to (1) understanding the element fractionation,
i.e., that of siderophile elements, in the Earth at its primitive stage, (2) interpretation of
rare earth element pattern of basaltic magma, and (3) geothermometry (Ganguly, 2008).
Many high pressure and temperature experiments have been conducted in order to obtain
element partitioning data between solid phases, between solid and liquid, and between
metallic and silicate liquids, which have given us more understanding of the planetary
processes.
Pressure and temperature for spinel peridotites have been estimated using the
composition of a single pyroxene (Mercier 1980). Intercrystalline element partitioning
between phases can yield the last equilibrium temperature while intracrystalline
elemental partitioning, which is a relatively faster process than intercrystalline
partitioning, can yield the quenching temperature (TQ, Ganguly 1982) at which the ion
exchange reaction between non-equivalent sites within a phase ceases. While most of the
crystal-structural parameters in a mineral such as unit-cell dimensions and packing
distortions at high P-T conditions cannot be retained when the mineral is brought to
ambient conditions, other parameter such as intracrystalline ordering has long been
applied to geological context (Ghose 1962; Ganguly 1982). For instance, the ordering
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state of orthopyroxene has been successfully utilized to obtain cooling rates of meteorites
and terrestrial rocks (c.f., Ghose 1965; Ganguly et al. 1994; Ganguly and Stimpfl 2000,
Stimpfl 2003; and Stimpfl et al. 2005).
Many Earth scientists have studied the ordering state in spinel from mantle
xenoliths with an aim to obtain the cooling history of a rock. Princivalle et al. (1989)
observed that a suite of rocks that had experienced the same cooling history exhibited
approximately constant oxygen coordinates, u, which is related to cation distribution
since u is an approximately linear function of the R(M-O)/R(T-O) ratio. Spinel can
accommodate various cations in its two cation sites, tetrahedral (T) and octahedral (M)
sites by combination of an intercrystalline elemental fractionation and an intracrystalline
exchange reaction. The complex chemistry makes a natural spinel’s behavior more
complicated and a less preferable candidate for a geospeedometer. Spinel has been used
to obtain closure temperatures, which can only give us relative cooling between suites of
rocks that have different thermal histories.
In contrast to spinel and orthopyroxene, the ordering state in olivine as a function
of T is not very useful in geological context because most of the natural samples exhibit
close to a completely disordered configuration (KD = ~ 1.0). Moreover, high-temperature
data are greatly controversial in the literature and a further investigation is needed to
establish agreeable data and to eliminate the source of the discrepancy. In Figure 1, KD,
M1

[XFe2+]M2[XMg]/M2[XFe2+]M1[XMg], is plotted as a function of temperature. Experimental

results in the literature show three different trends. In all three, Fe2+ initially prefers the
M1 site but the results differ at higher temperature. (1) Artioli et al. (1995) reported KD
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close to 1.0 for Fa24 at room temperature, which slightly increased at about 800-900 ºC,
followed by the progressive preference of Fe2+ into the M2 site. (2) Redfern et al. (2000)
observed in Fa50 sample that more Fe2+ continued to enter M2 with KD becoming less
than 1.0 at temperature between 600 and 700 ºC. Artioli et al. (1995) and Redfern et al.
(2000) both observed a wide variation in KD values and their low KD values (< 0.7) were
comparable at temperatures above 900 ºC. (3) On the contrary, Heinemann et al. (2006 &
2007) did not observe the decrease of KD at high temperature for their Fa48 sample; KD
stayed more or less constant up to ~ 600 ºC above which KD became larger. Sutanto
(2004) predicted that the slight preference of Fe2+ in M1 and the small variation of KD
were expected for Mg-Fe olivine based on their observations on Mn-, Fe-, Co-, and NiMg olivines. The KD values obtained by Heinemann et al. (2006 & 2007) agree with their
prediction. Ghose (1982) noted the 2 competing factors that determine the cation
distribution in ferromagnesian olivine: (1) the preference of larger cations in the larger
M2 and (2) the preference of transition metal ions in the smaller M1 site, which allows a
greater degree of covalent bonding with the oxygen atoms. In case of Fe2+, these two
competing factors cancel each other, therefore, observed slight or no Mg-Fe2+ ordering
and the small variation of KD, ~ 1.0, in many ferromagnesian olivines.
Another example for the use of crystal chemical studies towards understanding
the mantle processes is to utilize the fact that clinopyroxene is notably sensitive to the
pressure of formation. Nimis (1995) formulated an empirical geobarometer based on the
relationship of unit-cell volume (Vc) vs. M1-site volume (VM1). Nimis (1995) also
established a geobarometric formulation that allows calculation of crystallization P using
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known chemistry, which is also available even in the absence of direct X-ray analysis.
Recently, I characterized the crystal chemistry of clinopyroxene phenocrysts from three
potassic series (basanite-tephrite, tephrite-phonolitic tephrite, and alkaline basalttrachycasalt) in northeastern Turkey in order to investigate the evolution of the magmatic
plumbing system and the location of magma chambers (Aydin et al., 2009).
The San Carlos Project focuses on the crystal chemistry of the upper-mantle
minerals, spinel, clinopyroxene, and olivine, in order to understand effects of element
exchanges on structures of these mineral phases at constant pressure and temperature. In
particular, packing of the oxygen atoms is examined in detail as a function of temperature,
pressure, and chemistry (X). It was found that spinel, clinopyroxene, and olivine all
behave differently in terms of packing distortion with varying T, P, and X, and that
packing of oxygen atoms in spinel and olivine might have a significant control on
elemental partitioning among phases (see below).

Case Study: San Carlos Project
I. Objective
We see geologic features and activities on the surface that are manifestations of
the magmatic processes that have existed within the interior of the Earth. Thus, studying
genesis and evolution of the mantle is important to understand the mechanisms of surface
activities. Xenoliths are important to us because they are direct samples from the
inaccessible part of the Earth’s lithospheric mantle and allow us to retrieve the
information that they record. Estimations of temperature and pressure (depth) of magma
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crystallization can provide useful information on the thermal state of mantle, magmatic
processes and/or location of magma reservoirs at the time of interest and the depth from
which the xenoliths were derived. In general, the lithospheric mantle has been mainly
investigated by examining its petrology, trace element, and isotopic geochemistry.
Geochemistry of the Pleistocene subcontinental lithospheric mantle beneath San Carlos
Volcanic Field (SCVF) has been well studied. Recent geological studies include Frey and
Prinz (1978) and Galer and O’Nions (1989). Frey and Prinz (1978) reported bulk
compositions of two types of xenoliths as well as compositions of individual phases
within each xenolith. Galer and O’Nions (1989) reported major chemical analyses and
isotopic (Sr, Nd, and Pb) compositions. However, there has been no crystal chemical data
reported. This part of my dissertation focuses on the crystal chemistry of mineral phases
found in San Carlos (SC) xenoliths, along with the examination of phases from the spinel
peridotites reported in the literature, with the aim of understanding the physical and
chemical conditions of the upper mantle. Unfortunately, a complete crystal chemical
study (i.e., mineral characterization using single-crystal X-ray diffraction) for all the
coexisting phases from one locality is rare although major and trace elemental chemistry
is often achieved for all the phases. For example, Carraro (2008) recently reported a
complete crystal chemical study of upper mantle minerals, spinel, olivine, pyroxenes, of a
spinel lherzolite xenolith found in a Triassic mafic alkaline dyke of Predazzo (Dolomites,
Eastern Alpes). Nédli et al. (2008) examined clinopyroxene and spinel in the mantle
xenoliths from the Carpathian-Pannonian region.

20

II. Geological background
San Carlos Volcanic Field is comprised of several vents, one of which, on Peridot
Mesa, has been studied the most. The vents erupted pyroclastic tephra and lava flows of
basaltic composition. The age of the flows has been dated as 0.58 ± 0.21 Ma by the K-Ar
method (Bernatowicz 1981). The flows are generally thin (less than 10 m) and overlie
Tertiary lake beds. Xenoliths are found in the flows and bombs around the vent. In
addition to the xenoliths, megacrysts of black clinopyroxene, spinel, magnetite,
amphibole, and plagioclase are found around the vent area.
Since Ross et al. (1954) first examined, in great detail, xenoliths in basaltic rocks
from many localities, these xenoliths have been the subject of many studies. Wilshire and
Shervais (1975) classified ultramafic xenoliths in basalts from the western United States
into two groups: Cr-diopside group and Al-augite group. These groups correspond to
Group I and II, respectively, in Frey and Prinz (1978), who reported the petrology and
major- and trace-elemental chemistry of San Carlos (SC) samples. Group I xenoliths are
characterized by high Mg content (Mg/(Mg + ∑Fe) = 0.86 to 0.91) while Group II
xenoliths are more Fe rich (Mg/(Mg + ∑Fe) = 0.62 – 0.78). Olivine-rich peridotites
classified as lherzolite and dunite, containing Cr-rich diopside and spinel, dominate
Group I while clinopyroxene-rich peridotites such as olivine clinopyroxenite and wehrlite,
containing Al- and Ti-rich augite and Al-rich spinel, dominate Group II (Frey and Prinz
1978). Group I xenoliths are reported to contain olivine, orthopyroxene, clinopyroxene
and spinel, while those of Group II contain clinopyroxene, olivine, orthopyroxene, spinel,
kaersutite, and plagioclase. Neither Group I nor II contains garnet, which sets an upper
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limit of ~ 25 kbars in the equilibration pressure estimate for the source of both xenolith
types and a lower limit of 9 kbar for Group I by the absence of plagioclase. On the basis
of their petrographic study, Frey and Prinz (1978) suggest that SC Group I initially
formed in equilibrium with silicate magma, which then underwent subsolidus
recrystallization at the temperature between 1100 to 1300 º C. Equilibration conditions of
the SC samples in this study are reported in APPENDIX D.
Group I pyroxenites and wherlite occur as discrete inclusions and also as portions
of composite inclusions where they have a sharp planar contact with lherzolite. The
origin of those pyroxenite inclusions and their relation with lherzolite have not been
established, but are postulated to be of a different origin based on major-elemental
analyses. Of our samples, SC 8 and SC 10 are such clinopyroxene-rich inclusions in
contact with lherzolite. In these samples, larger relic pyroxene grains up to a couple of
centimeters and displaying coarse exsolution lamellae of clino- and orthopyroxene are
often present. These relic unrecrystallized pyroxenes attest to an earlier high-temperature
history and subsequent slow cooling. Spinel is present as an accessory mineral, often as
subhedral to anhedral inclusions in olivine or is molded between other mineral grains.
In general olivine-rich Group I xenoliths are interpreted as a residue, many of
which have experienced solid deformation in variable degrees. San Carlos Group I
samples appear to have undergone a lesser degree of metamorphism resulting from solid
flow compared to those found in other localities (Wilshire and Shervais 1975). Group II
xenoliths have been interpreted as high-pressure cumulates in numerous studies. From
their chemical and textural studies on Group II xenoliths from different localities (e.g.,
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Kilbourne Hole, NM, Wikiup, AZ, Potrillo maar, NM, Lunar Crater, NV, and Dish Hill,
CA), Wilshire and Shervais (1975) suggested a model in which Group II inclusions
represent the products of fractional crystallization of partial melts that had generated
under generally similar conditions over a period of time. Frey and Prinz (1978) suggested
the presence of high- and low pressure-cumulates in Group II. All of the examined Group
II samples in this study appear to correspond to the high-pressure cumulates. They also
pointed out that not all are genetically related to the basalt that brought them to the
surface.
Frey and Prinz (1989) noted that metasomatic trace element enrichment was most
widespread in the infertile (refractory) samples (Group I). Based on petrographic and
geochemical analyses, they concluded that SC olivine-rich Group I xenoliths are
comprised of two components: (A) a residue, which determined the modal mineralogy
and major elemental and compatible trace element (e.g., Cr, Co, Ni) compositions, and
(B) a small degree (< 5 %) of garnet peridotite melting, which later introduced large-ionlithophile (LIL) elements (e.g., K, U, Th, La, Ce) into the residue. This kind of model has
been proposed in the studies of xenoliths from other localities to account (1) for
inconsistencies between LIL trends and major and compatible trace elemental trends
(Frey and Green 1974), (2) for the presence of hydrous minerals as veins or in interstitial
areas (c.f., Wilshire and Trask 1971), (3) for relative light rare earth element (REE)
enrichment in many refractory peridotite xenoliths (c.f., Ridley and Dawson. 1975), (4)
for the occurrence of primary phlogopite in eclogite and garnet peridotite inclusions (c.f.,
Kushiro and Aoki 1968; Aoki 1975), and (5) for a relative deficiency of radiogenic Pb
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isotopes (Zartman and Tera 1973). Frey and Prinz (1978) showed that SC Group II
xenoliths are cumulates derived from a SiO2-undersaturated magma, possibly an early
magma related to the host basanite because they appear to be isotopically similar to their
host basalts. They also examined the Rare Earth Element (REE) abundances of SC
samples as well as other localities, such as Victoria, Australia, and Tanzania, and they
found some similarities in Group I inclusions from widely spaced geographical locations.
They also found in some of their SC samples that compatible trace elements such as Sc,
Co, and Ni, which are sensitive indicators of mineral/liquid partitioning, correlated
strongly with olivine modal abundance. Galer and O’Nions (1989) reported compositions
of major minerals and Pb, Nd, and Sr isotope analyses of cpx in SC Group I xenoliths.
They noted that the mantle beneath San Carlos Volcanic Field is heterogeneous because
the examined rocks show both depleted and enriched isotopic trends as well as various
major and trace element enrichments.

III. Studied Samples: rock classification, sample description, and petrography
The xenolith samples were collected at Trudie’s Claim on Peridot Mesa, located
about 30 km east of Globe, AZ. Peridot Mesa is about 3 km in diameter and is capped by
a 3-6 m thick Pleistocene basalt flow. Thirteen xenoliths, 8 Group I and 5 Group II
xenoliths, were selected for this study. It is usually easy to distinguish between the two
types of xenoliths in hand specimens; Group I xenoliths are characterized by light-green
olivine (Fo ~89) and bright-apple-green Cr-rich clinopyroxenes while Group II contain
more brownish olivine and pyroxenes colored by their higher Fe content. The studied
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samples include dunite (Group I), olivine clinopyroxenite (Group I), lherzolite (Groups I
& II), and wehrlite (Groups I & II). Major elemental trends of coexisting phases in Group
I are consistent with a model for a residue origin. Excess Fe in pyroxene, possibly
resulting from reactions with magmatic dykes at depth, observed in some xenoliths
studied by Galer and O’Nions (1989) and others was not observed in our samples. In
Figure 2, two melting indicators, Al2O3 in cpx and Cr # of spinel, Cr # = Cr/(Cr + Al), are
plotted against each other. The arrow in this diagram indicates the increase of depletion in
incompatible elements in Group I xenoliths. The composition of Group I xenoliths spans
in a much wider range than that of Group II. Most of the Group I pyroxene-rich samples
such as pyroxenite and websterite, which often cross-cut lherzolite, cluster in the middle
of this diagram where Al2O3 of cpx is approximately 5.5 wt% (Grey oval in the diagram).
A detailed petrographic study of SC peridotites (both Groups) was reported in
Frey and Prinz (1978). Following are brief descriptions of our samples. Group I dunite
usually contains large olivine grains, which could be up to a few centimeters in diameter.
It displays well-developed sub-grain boundaries. Granoblastic texture (Fig. 3a) is
commonly observed in Group I dunite (SC5, SC15, SCgem) samples, and many olivine
crystals in Group I rocks often show kink bands, a plastic deformation feature indicating
that the grains are strained (Fig. 3b). Spinels in dunite are often subhedral (Figure 3c),
some of which occur in olivine as an inclusion. Many of the olivine grains in SC15 have
been cut through by veins of the host lava (Figure 3d), where there are no visible
reactions between the grains and the lava. Group I lherzolite (SC2, SC3, SC16) contain
smaller olivine crystals than those in Group I dunite, and often large orthopyroxene
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crystals are present (up to 1 cm) (Figure 3e). Less common than dunite, both kink bands
and the granoblastic texture are also observed in these lherzolite samples. In most
samples, spinel is a minor constituent, but SC2 contains substantial amounts of spinel (>
10 %). Group I lherzolite SC16 exhibits an alteration where fine powdery clay minerals
(possibly limonite) cover the surface (visible in the hand specimen). Two samples, SC8
and SC10, are wherlite in contact with lherzolite (Fig. 4a). They contain dark green
pyroxenes with exsolution lamellae (Fig. 4b). These samples contain anhedral spinels that
appear to fill the spaces along grain boundaries.
All of our Group II samples (SC1, SC11, SC14, SC19, and SC20) belong to
lherzolite with varying degree of olivine modal amount (from 65 to 87 %). Grain
boundaries are less well developed compared to Group I samples, and it is very common
to see partial melting along boundaries as well as through fractures of grains, where
resorption textures developed (Figures g and h). These xenoliths display cumulate texture
and little deformation. Spinels are mostly anhedral; they appear to fill spaces between
grains and are also present as inclusions.

IV. Pressure estimates for SC samples and crystal chemistry of clinopyroxene
Crystallization pressures of SC clinopyroxenes were determined using the
clinopyroxene geobarometer proposed by Nimis (1995). Estimated pressures for Group I
range from 1.27 to 1.70 GPa and from 1.07 to 1.32 GPa for Group II. The VM1-Vcell
diagram (see Fig. 2 in APPENDIX C) shows, interestingly, clinopyroxenes from mantle
peridotites in each suite plot with similar slopes. Another common feature seen in mantle-
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xenolith suites is that clinopyroxenes in each suite display various chemical compositions
that represent a wide pressure range. This might indicate that the host lava extracted rocks
along the path to eruption and these xenoliths represent a vertical chemical variation in
the upper mantle. The Group II samples that I studied show similar P-T conditions as
those of Group I samples, and correspond to high-pressure cumulates in Frey and Prinz
(1978). This probably indicates the presence of more than one localized pocket of
heterogeneity under the SCVF region, including low-pressure cumulates suggested by
Frey and Prinz (1978).

V. Closest-packing of oxygen atoms in spinel, cpx and olivine as a function of T, P and X
Some minerals display their distribution of anions in a distorted closest-packed
configuration. Packing arrangements of oxygen atoms in spinel, olivine, and C2/c
clinopyroxene were examined using the data of the SC samples and the data reported in
the literature (both synthetic and natural). At ambient conditions, the anion packing is
more distorted in the order of spinel < olivine < clinopyroxene. Pressure influence is
greater on a structure that displays more distorted structure at an ambient condition;
pressure has little effect on nearly closest-packed spinel. All the samples presented by
Thompson and Downs (2001) behaved in a similar way in that the packing arrangement
became more distorted with a temperature increase and less distorted with pressure
increase.
However, the packing in spinel belonging to spinel s.s.–hercynite join behaves
differently with varying temperature from olivines and clinopyroxenes in Thompson and
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Downs (2001). I examined packing distortions in spinel and hercynitein the hightemperature data of Redfern et al. (1999) and Harrison et al. (1998), respectively. With
increasing temperature, the packing first becomes slightly more distorted as cations
ordered, and then, above 600 ºC, becomes progressively more packed as cations
disordered. During both heating and cooling, packing arrangement was strongly linearly
correlated with cation distributions. This linear relationship between cation order-disorder
configuration and packing was not observed in the spinel data of Meducin et al. (2006)
where both pressure and temperature were applied simultaneously. The pressure effect on
the packing distortion, at least the pressure range where mantle xenoliths are concerned,
is very small because spinel is already nearly closest-packed. In Figure 6 of APPENDIX
C, the bond distances, T-O and M-O, are plotted against each other. The solid lines
represent constant oxygen coordinate u values. This plot tells us several things. First, just
like SC samples, spinels included in xenoliths from other localities show a wide
compositional variation. Secondly, as Princivalle et al. (1989) observed previously,
despite a chemical variation, spinel samples from one geological environment (marked by
an ellipse in the figure) display a constant oxygen coordinate u. The oxygen coordinate is
a function of the ratio of T-O and M-O bond distances; the u is kept constant only when
this ratio is kept constant. The constant u also means that the packing distortion is the
same for all the samples from one locality. This can be achieved by means of both
intracrystalline cation ordering and intercrystalline coupled substitution, VI(Cr → Al) and
IV

(Fe2+ → Mg) where the larger cation is substituting the smaller cation in each site.
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Owing to this structural flexibility, spinel is capable of achieving an optimal packing
configuration at a given P and T.
The olivine structure has much less flexibility than the spinel structure due to the
presence of rigid tetrahedra. It is orthosilicate, where tetrahedra are isolated from one
another, and the edges of the tetrahedron are shared with the octahedra, M1 and M2.
Sharing the edges with the rigid tetrahedron restricts the flexibility of the octahedra to
accommodate various elements. The fact that the M2 polyhedron has fewer shared edges
than M1 allows it to accommodate large cations such as Ca. At ambient conditions,
packing distortion of olivine is directly related to composition; as larger cations (Ni < Mg
< Fe2+ < Mn < Ca) enter the octahedral site, the packing distortion increases due to the
greater mismatch between the sizes of octahedra and the rigid tetrahedron. By examining
Ca-bearing olivines, it was found that the greater size difference between the two
octahedra, M1 and M2, increases distortion. This could explain why natural olivine
crystals display the most disordered configuration, that is, KD being approximately 1.0.
Elements whose radius is larger than that of Mg significantly distort the oxygen packing
of mantle olivine (Fo~89). Nickel is the only element among those listed above that can be
substituted in ferromagnesian olivine without causing structural distortion. This agrees
with the observations that as Mg/(Mg + ∑Fe) increases in bulk chemistry of many
peridotite xenoliths (i.e., the peridotite becomes more refractory), the abundances of Mg,
Ni, and Cr increase in bulk chemistry where Mg and Ni preferentially enter olivine while
Cr enters spinel. Abundance of another compatible trace element, Co, also strongly
correlates with olivine’s modal abundance. The radius of Co is larger than that of Mg and
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the substitution of Co for Mg results in packing distortion, however, in much less degree
than the other elements such as Fe2+. Therefore, the packing of oxygen atoms might have
a significant control on elemental substitutions in olivine. Because Fe2+ causes a
significant packing distortion, forsterite under high pressure might limit the amount of
this element entering the structure in order to obtain the optimal packing configuration at
a given P, T and X.
Clinopyroxene exhibits a more distorted structure compared to spinel and olivine.
C2/c clinopyroxenes enclosed in upper-mantle xenoliths and eclogitic xenoliths, as well
as synthetic diopside, jadeite, hedenbergite, and aegirine, were examined. The packing
arrangement of oxygen atoms in a clinopyroxene with a fixed composition becomes less
distorted with pressure increase. Packing distortion at ambient conditions is related to
cation sizes in the M1 and M2 sites. Counter-intuitively, the volume reduction by
substitution of smaller cations, i.e., a coupled substitution between diopside and jadeite
(CaMg)↔(NaAl), is associated with an increase in packing distortion. In clinopyroxenes
enclosed in upper-mantle xenoliths and eclogitic xenoliths, the packing distortion is
greater as the corresponding estimated equilibration pressure increases. This implies that
packing configuration of oxygen atoms in cpx is not an important parameter when
element partitioning at a given P-T condition is considered.
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FIGURES
Figure 1. Olivine KD as a function of temperature. Data from in situ experiments in literature are
plotted showing the controversial results. References are Heinemann et al. (2007) shown in
triangles, Artioli et al. (1995) in squares, Heinemann et al. (2006) in x’s, and Redfern et al.
(2000) in crosses.
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Figure 2. Two melting indicators, Al2O3 of cpx and Cr #, Cr/(Cr + Al) of spinel, are
plotted against each other. The sample names in this study are indicated by the symbols:
filled circles for Group I and open circles for Group II. Group I (filled triangles) from
Galer and O’Nions (1989) and Frey and Prinz (1978) and Group II (open triangles) from
Frey and Prinz (1978) are also inserted. The arrow indicates the increase of degree of
partial melting in Group I samples (Hellebrand et al. 2001). SCGEM (dunite) and SC16
(lherzolite) are the most refractory xenoliths in our study.
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Figure 3. Petrography of San Carlos samples in this study. PPL (left) and XPL (right).
The scale for all the pictures is shown in the XPL image of Figure 3(a). (a) Olivine
crystals in Group I dunite show the granoblastic texture. (b) Kink bands, a high strain
deformation feature, are present. (c) Spinels in Group I dunite are often euhedral to
subhedral. (d) In this Group I dunite, veins of host lava cut through the olivine grains.
(e&f) In these Group I lherzolites, spinels are present as inclusions in olivine. Kink bands
are also shown. (g) Spinels in this Group I wherlite are anhedral along grain boundaries.
(h) Partial melts along the fractures and grain boundaries of olivine are common in Group
II lherzolites. Resorption textures are shown. (i) Resorption textures in a Group II
lherzolite on olivine grain boundaries. Spinels are present as an inclusion or along the
boundaries.
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Figure 4. (a) Clinopyroxene-rich peridotites and pyroxenites often form a composite
xenolith with lherzolite. (b) Coarse pyroxene exsolution lamellae are often present in
such clinopyroxene-rich rocks.
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Abstract
A magnesium vanadate spinel crystal, ideally MgV2O4, synthesized at 1 bar,
1200 °C and equilibrated under FMQ + 1.3 log fO2 condition, was investigated using
single-crystal X-ray diffraction, electron microprobe, and electron backscatter diffraction
(EBSD). The initial X-ray structure refinements gave tetrahedral and octahedral site
occupancies of T(Mg0.9660.034) and M(V3+0.711V4+0.109Mg0.180), respectively, along with the
presence of 0.053 apfu Mg at an interstitial octahedral site (16c). Back-scattered electron
(BSE) images and electron microprobe analyses revealed the existence of an Mg-rich
phase in the spinel matrix, which were too small (≤ 3 μm) for an accurate chemical
determination. The EBSD analysis combined with X-ray energy dispersive spectroscopy
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(XEDS) suggested that the Mg-rich inclusions are periclase oriented coherently with the
spinel matrix. The final structure refinements were optimized by subtracting the X-ray
intensity contributions (~9%) of periclase reflections, which eliminated the interstitial Mg,
yielding a structural formula for spinel TMgM(V3+1.368V4+0.316Mg0.316)O4. This study
provides insight into possible origins of refined interstitial cations reported in the
literature for spinel, and points to the difficulty of using only X-ray diffraction data to
distinguish a spinel with interstitial cations from one with coherently oriented MgO
inclusions.

Keywords: spinel, crystal chemistry, XRD, inclusion, periclase, electron backscatter
diffraction

Introduction
Magnesium vanadate spinel, MgV2O4, has been the subject of extensive studies in
Earth and planetary science because the distribution of V is thought to be controlled
primarily by spinel-like oxides during magmatic differentiation and evolution (c.f., Canil
1999; Lee et al. 2003; Papike et al. 2004; Karner et al. 2006). Since V can occur in four
valence states (V2+, V3+, V4+, and V5+) in nature, its redox system has been used as an
oxybarometer for terrestrial or planetary interiors (c.f., Sutton et al. 2005). Natural spinel
may contain a significant amount of vanadium. For example, a suite of vanadian
magnesiochromites, Mg(Cr2-xVx)O4, found in the Sludynaka metamorphic complex in
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Russia contains a spinel with x = 0.95, nearly 50% of the octahedral site (Lavina et al.
2003a).
Structurally, vanadium spinel (AV2O4, where A = Mg, Zn, Cd, etc.) represents one
of the most typical geometrically magnetic-frustrated systems, due to its unfilled dorbitals and possible presence of different valence states. At low temperatures, a cubic-totetragonal phase transition, attributed possibly to the Jahn-Teller effect and spin ordering,
has been observed in vanadium spinel, and the relationships between magnetic properties
and its crystal structure have been discussed (c.f., Mamiya et al. 1997; Motome and
Tsunetsugu 2005; Di Matteo et al. 2005).
The spinel unit cell (space group Fd 3 m, #227) consists of a slightly distorted cubic
close-packed array (CCP) of oxygen atoms with 1/8 of the tetrahedral sites (T) and 1/2 of
the octahedral sites (M) occupied by various cations (Hill et al. 1979). A variety of
cations can be accommodated in the T and M sites. There are two extreme cation
distribution states: the normal spinel, TXM(Y2)O4, and the inverse one, TYM(XY)O4,
where X and Y represent divalent and trivalent cations, respectively. Most natural spinels
exhibit an intermediate configuration between these two states, T(X1-iYi)M(XiY2-i)O4,
where 0 ≤ i ≤ 1. Many physical properties of spinel, such as magnetism, electrical
conductivity, bulk modulus, thermal expansion, and compressibility, are largely
influenced by the cation distribution (order-disorder) (Hazen and Yang 1999). Materials
with the spinel structure are also radiation-resistant due to the ease of exchange between
the two cation sites (cf. Bordes et al. 1995; Devanathan et al. 1996).
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The presence of a small amount of cations in the interstitial sites of the spinel
structure has been observed previously. For example, Fleet (1981) studied a natural, endmember magnetite with single-crystal X-ray diffraction and observed very weak but
significant residual electron density on the difference Fourier maps at the interstitial
tetrahedral site (8b). He suggested that this electron density was likely to result from the
presence of interstitial Fe3+ atoms coupled with corresponding vacancies at the M site.
Other examples of point defects in spinel and spinel-type structures include cation
vacancies in natural magnetite (Menegazzo et al. 1997), maghemite, Fe3+[Fe3+5/31/3]O4,
(Somogyvári et al. 2002), synthetic ferrite, (Mg0.22Mn0.07Fe0.71)3-δO4, (Kang and Yoo
1999), Al2/3[Al2/3V4/3]O4 (Reid and Sabine 1970), and in σ-alumina phase,
Al[Al5/31/3]O4, (Guse and Saalfield 1990). In addition, oxygen deficiencies, oxygen
excess at interstitial sites, and defect clustering in synthetic LiMn2O4 spinel have been
described by Hosoya et al. (1997), Sugiyama et al. (1997), and Kanno et al. (1999).
Many of the Cr-V bearing spinels from the Sludynaka metamorphic complex in Russia
show extensive interstitial-vacancy point defects (Lavina et al. 2003b).
In this paper, we report an experimental study on a synthetic Mg-V spinel sample
by means of a combination of X-ray diffraction (XRD), electron microprobe analysis
(EMPA), and electron backscatter diffraction (EBSD) coupled with X-ray energy
dispersive spectroscopy (XEDS). Our results show that the Mg-V spinel contains
periclase (MgO) inclusions that have the same crystallographic orientation as the spinel
matrix, which complicates the analysis of the X-ray diffraction intensities collected from
the spinel crystal and could lead to a misinterpretation of structure details.
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Experimental
Sample synthesis
Magnesium vanadate spinel was synthesized at 1 bar and 1200 °C at an oxygen
fugacity equivalent to 1.3 log fO2 units above the fayalite-magnetite-quartz (FMQ) buffer,
from a mixture of MgO and V2O3 (99.995% pure). The material was placed on a Re wire
loop in the hot spot of a Deltech vertical furnace. Oxygen fugacity was controlled by
mixing CO and CO2 in a reference furnace at 1200 °C, where the desired emf was
adjusted before the introduction of the sample. The sample was held in the hot spot for 72
hours, and then quenched by rapid removal. The synthesis products are clear octahedra of
periclase and black spinel crystals, ranging from 30 to 50 μm in size.

Microprobe analysis
Five spinel crystals were selected from the same synthesis run and analyzed on a
Cameca SX50 electron microprobe, using an acceleration voltage of 15 kV, a beam
current of 20 nA, beam diameter of 2 μm, and 20 s counting times. Natural diopside and
pure metallic vanadium were used as standards. Approximately 10 points were analyzed
on the inclusion-free regions of each crystal. The chemical formula of the spinel,
Mg1.37V3+1.26 V4+0.37O4, was determined based on the analyses of the five crystals (Table
1). The amount of VO2 was estimated by adjusting the sum of cation numbers to three
and the total cation charge of eight. The back-scattered electron (BSE) images showed
the presence of Mg-rich inclusions in all of these spinel crystals (Figs. 1a and b).
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However, the inclusions were too small (≤ 3 μm) for an accurate chemical analysis. The
crystals in Figures 1a and b were oriented and polished to parallel to (001) and (111)
planes, respectively. The inclusions in these crystals appear to exhibit specific
crystallographic orientations, with 4-fold and 3-fold symmetry, respectively.

EBSD / XEDS
The crystal was placed on a vibratory polisher with 0.05-micron colloidal silica
suspension for approximately 10 minutes to obtain optimal diffraction patterns. An
EDAX-TSL OIM 4.6 EBSD (electron backscatter diffraction) system coupled with an
EDAX Genesis 4.5 XEDS system was employed to determine the chemistry of the Mgrich inclusions and their crystallographic orientation with respect to the spinel phase.
These systems were mounted on an FEI XL30 Scanning Electron Microscope (SEM).
The XEDS spectra at 20, 15, 12, and 10 kV were measured to quantify the excitation
volumes for the inclusion as a function of acceleration voltage. The calculated excitation
volumes at those voltages are 8, 1, 0.4, 0.1 µm3, respectively. The height of V peaks
decreased at lower voltages, indicating that the presence of V at higher voltages is the
result of interference with the matrix. Therefore, we conclude that the inclusions are pure
MgO. For phase and orientation mapping, the sample was tilted approximately 75
degrees and analyzed with an acceleration voltage of 20 kV. In order to map out the
orientation relationships in the crystal, EBSD patterns were systematically collected and
automatically indexed to obtain individual crystallographic orientations over an array of
measurement points. Since the crystal structures of the matrix and inclusions are quite
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similar, it is difficult to reliably differentiate the two phases from each other based on
EBSD patterns alone. Thus, XEDS counts for Mg, V and O were simultaneously
collected at each measurement point as well (Nowell and Wright 2004). The phases were
differentiated based on Mg content. The phase differentiation results are shown as a map
in Figure 2a where the phases are represented by different colors; the spinel is
represented in red and the MgO phase in green. Figure 2b shows an orientation map
where the points are colored according to the crystallographic plane vector that is
perpendicular to the polished sample. The pink color indicates that the spinel as well as
most of the inclusions have the same orientation, approximately (001) planes parallel to
the polished surface. One exceptional grain at the top right corner exhibits (101) planes
parallel to the polished surface. Diffraction patterns of spinel matrix and the inclusions
are shown in Figures 3a and 3b, respectively, which also confirm their orientation.

Single-crystal X-ray diffraction
A spinel fragment of 30×40×50 μm (Fig. 1a) was selected based on the sharpness
of X-ray diffraction peaks. X-ray data were collected on a Bruker X8 APEX singlecrystal diffractometer, using MoKα radiation and a graphite monochromator, equipped
with a 4K×4K CCD area detector. Intensities were corrected for Lorentz and polarization
factors, and absorption correction was performed using SADABS (Sheldrick 2005). No
systematic absence violations or inconsistent equivalents were observed. The summary of
the crystal and X-ray data is given in Table 2. The structure was refined with SHELXL97 (Sheldrick 1997) using ionic scattering curves for Mg2+, V3+, and O2- from Doyle and
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Turner (1968). The refined parameters include scale factor, secondary extinction
coefficient, oxygen coordinate, and anisotropic displacement parameters. When
constrained to ideal MgV2O4 stoichiometry, the refinement yielded a significantly higher
R factor compared to the one with both T and M site occupancies allowed to vary.
Therefore, several refinements were carried out to determine the site occupancies of the T
and M sites (see below).
The preliminary refinement was performed with an assumption that the specimen
was a single spinel phase. This resulted in residual electron density (4.46 e-/Å3) on the
difference Fourier maps at one of the supposedly unoccupied octahedral sites (16c), M'.
When Mg (0.052 apfu) was assigned to this site, the residual electron density decreased
to 0.51 e-/Å3 and the R1 and wR2 decreased from 0.032 and 0.068 to 0.020 and 0.042,
respectively. Furthermore, the refinement suggested the presence of a minor amount of
vacancy, ~0.035 apfu in the T site, and additional Mg or vacancy in the M site. Since our
synthesis products contain periclase inclusions, we constrained the M site occupancy to
be V + Mg =1.0 and obtained a structural formula,
T

(Mg0.9660.034)M(V3+1.422V4+0.218Mg0.360)M'Mg0.105O4, where the amount of V4+ was

introduced for charge balance.
Considering the close relationship between the spinel and the periclase structures
and the a dimension of the investigated spinel (8.4170 Å) being almost twice that of MgO
(4.2128 × 2 = 8.4256 Å; Zhang 2000), the periclase reflections can be superimposed onto
the spinel ones. To explore this possibility, we adjusted our intensity data by subtracting
estimated contributions from the periclase reflections from our original data. Iterative
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structural refinements were performed using modified intensity data sets with varying
MgO volumes. The lowest R factors (R1=0.021 and wR2=0.045) were achieved when the
MgO volume was 9% of the total, resulting in a maximum electron residue of 0.67 e-/Å3
and no vacancy in the T site. Consequently, we assumed full occupancy for the T site.
The final structural formula is TMgM(V3+1.368V4+0.316Mg0.316)O4.

Discussion
Spinel-periclase crystal structural relationship
Point defects, including interstitial cations and vacancies in rock salt structures
(Fm3m) such as wüstite, Fe1-xO, and periclase, MgO, have been examined extensively
(c.f., Roth 1960; Hazen and Jeanloz 1984; Gibson et al. 1994; Karki and Khanduja 2006).
The phase with intermediate composition, (Mg, Fe)O, is thought to be a major mantle
component and its structural properties associated with point defects at high pressure is of
great importance for understanding mantle rheology (Jeanloz and Hazen 1993). Wüstite
is always observed to be nonstoichiometric, and charge balance can be obtained by
introducing Fe3+ in small spinel domains. The structural relationship of wüstite with
spinel as its superlattice was discussed by Roth (1960). Both structures exhibit cubic
symmetry with spinel cell dimensions roughly double those of wüstite. Oxygen atoms in
both structures are cubic close packed. With the distorted oxygen packing of spinel, there
are 2 sets of octahedral sites (16c and 16d) and 2 sets of tetrahedral sites (8a and 8b). If
the oxygen packing is ideal or undistorted and both octahedral sites are occupied, then the
structure becomes topologically equivalent to rock salt. When one of the tetrahedral sites
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is occupied, the nearest octahedral site is likely to be vacant due to electrostatic repulsion
between cations. Figure 4 shows the doubled rock salt unit cell with interstitial atoms
(light-colored) in the T site. Roth (1960) observed the presence of Fe atoms in the
interstitial T site and vacancies in the M site in wüstite, Fe0.940O and Fe0.926O, through
neutron diffraction studies. He discussed the coalescence of point defects, resulting in
regions of a ‘magnetite-like’ cluster as well as regions of single interstitial atoms. The
structure and arrangement of such defect clusters were also studied, for example, by
Catlow and Fender (1975) and Andersson and Sletnes (1977). Welberry and Christy
(1995, 1997) examined diffuse X-ray diffraction patterns from wüstite, which arise from
the presence of defect clusters forming a highly disordered, inhomogeneous structure, to
investigate the defect distribution, defect cluster size, and lattice strain.
Based on the previous observations, we initially modeled the structure of our
sample with the interstitial octahedral sites partially occupied by Mg atoms and the
neighboring tetrahedral sites with vacancies due to the short tetrahedral-octahedral
distance (T-M'= 1.822 Å) as illustrated in Figure 5a. However, the presence of coherently
oriented periclase inclusions, as observed in our sample, could produce the same X-ray
diffraction patterns with residual electron density at the M' site. Therefore, we considered
a second model in which periclase inclusions share the common oxygen layers with
spinel matrix. Figure 5b illustrates the MgO structure coherent with the spinel structure,
in which X-ray diffraction peaks of periclase necessarily coincide perfectly with those of
spinel. The epitaxial relation between spinel and rock salt structures is well documented
in the studies of microstructures and formation mechanism of spinel in other oxides.
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Wang and Shen (1998), Tsai et al. (2004), and Li and Shen (2004) examined, using
analytical electron microscopy (AEM), spinel precipitates formed in oxides with the
rock-salt structure: Al-doped Ni1-xO, MgO-Co1-xO, and Zr-doped Co1-xO, respectively.
Upon sintering and annealing, they found that the defects would cluster in their oxides to
form paracrystals with the spinel-type lattice, e.g., Co3-δO4, which could further order to
spinel. The formation of spinel precipitate depends on the relative charge and size of the
elements in the reaction (Tsai et al. 2004). Given the similarities between the rock salt
and spinel structures, inclusions of compounds with rock salt structure could be common
in spinel (Pyatikop 1971), especially when the chemistry constrains cell edges of the rock
salt component to half those of the spinel component.

Comparison of refinement results between two models: Structural effect of MgO
inclusions
In many cases, correct crystallographic models can be discriminated from
incorrect ones by comparing disagreement factors (GOF, R1, and wR2) and/or atomic
displacement parameters. However, in our sample, a comparison of two models (A: a
single spinel phase with interstitial Mg atoms, B: a spinel phase with MgO contribution
subtracted) in Table 3 shows that they have similar disagreement factors and the same
displacement parameters within 1σ. Nevertheless slight differences (3σ) in the bond
distances and the oxygen coordinate (u) allow us to compare these two models.
On the one hand, in model B, the observed octahedral bond distance (M-O) is
2.0224(5) Å, close to the optimized value, V3+-O = 2.022(7) (Lavina et al. 2002), while
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the observed tetrahedral bond distance (T-O) is 1.9704(8) Å, which agrees well with T-O,
1.971 Å, of synthetic MgV2O4 (Mamiya and Onoda 1995). Note that this value for TMgO is larger than the optimized value, 1.966 Å (Lavina et al., 2002). As discussed by
Lavina et al. (2003a), this lengthening of T-O is caused by “dragging effect” of certain
cations in the M site (V in this case), responsible for change in T-O, which maintains
distortion of oxygen packing (u) and provides the shielding between high-charged cations.
On the other hand, in model A, M-O = 2.0249(5) is longer and T-O = 1.9657(8) is
shorter than those in model B. In addition, the u parameter in model A, 0.25984(6), lies
between the value for ideal CCP, 0.25, and the value in model B, 0.26015(6), indicating
the decrease in CCP distortion with the presence of M'. These observed values are
consistent with a model of spinel with randomly distributed interstitial cations at M':
modification of oxygen packing, indicated by u, and the T-O shortening due to interstitial
V at the M' site, as observed in natural V-Cr bearing defect spinels (Lavina et al. 2003b).
The same result can be obtained by averaging the ideally cubic close-packed structure
(M-O=2.1042 Å and T-O=1.8223 Å for u=0.25 and a=8.4170 Å) and distorted closepacked structure, as shown in this study.

Analysis of site occupancy and unit-cell length
While the refinement for model B indicated full Mg occupancy at the T site, it also
indicated that the M site has lower scattering power than for full V occupancy. In the
literature, occurrence of vacancies has been mostly reported at the M site in spinel and
spinel-type structure (Menegazzo et al. 1997; Guse and Saalfeld 1990; Somogyvári et al.

54

2002; Lavina et al. 2005). To determine whether the M site contains Mg or vacancy ()
in our sample, we performed two refinements: (1) V + Mg and (2) V +  for the M site
occupancy, and then we compared the observed T-O, M-O, a, and u with the calculated
ones using the bond distances for spinel in Lavina et al. (2002, 2003a): TMg-O = 1.971 Å,
M

Mg-O = 2.082 Å, MV3+-O = 2.022 Å, and M-O = 2.11 Å. For MV4+-O, the value 1.96 Å

was used based on the values 1.38 Å for O and 0.58 Å for V4+ given by Shannon (1976).
The values for a and u were calculated using the following equations, with M-O being
weighted according to the distribution of Mg, V, and vacancies at the M site:
a=

8
11 3

[5(T − O) + 33( M − O) 2 − 8(T − O) 2 ]

and
u=

0.75R − 2 + (33 / 16) R − 0.5
,
6( R − 1)

respectively, where R = (M-O)2/(T-O)2. The calculated and refined parameters show a
significantly better match when (V + Mg) is assumed to occupy the M site than when (V
+ ) is assumed, as summarized in Table 4. The magnesium-to-vanadium ratio obtained
from the microprobe analysis (0.84) also matches better with the former refinement
(0.78) (Table 4). The substitution 4/3V3+ ↔ V4+ + 1/3 at the M site causes significant
decrease in the calculated unit-cell length, whereas the substitution 2V3+ ↔ Mg + V4+
decreases it very slightly, and therefore, the observed unit-cell length matches well with
the calculated one for the refined chemistry.
The unit-cell length of the investigated spinel crystal is 8.4170(7) Å. In our
sample, the MgO phase probably has not significantly affected the averaged unit-cell
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length because of its low abundance and the fact that the unit-cell length of MgO (a =
4.2128 Å; Zhang 2000) is approximately half of the MgV2O4 spinel. This conclusion may
be additionally supported by the absence of streaks or splits in our diffraction peaks,
which indicates much less lattice strain between the phases, MgO and MgV2O4, than the
ones between spinel precipitates and their corresponding oxides reported in the literature
(c.f., Tsai et al. 2004).

Role of X-ray diffraction in analysis of spinel and rock salt mixtures
We presented two possible structural interpretations of the investigated spinel
crystal based on the observed residual electron density from the difference Fourier maps.
Confirmation that the periclase lattice is oriented in the same way as spinel enabled us to
eliminate the model in which the interstitial Mg was distributed through the spinel
structure. Instead, we found that the electron residue is a consequence of the periclase
inclusions which coherently share the oxygen atoms and the octahedral cations of the
spinel structure. We were able to separate the periclase contribution in our X-ray intensity
data, and obtained the structural formula for the spinel phase,
TMgM(V3+

4+
1.368V 0.316Mg0.316)O4

with the T site fully occupied. This agrees well with

the chemical formula obtained from the microprobe analysis.
X-ray diffraction alone cannot discriminate which model is more appropriate for a
physical interpretation of our sample because the two models generate similar
disagreement factors and displacement parameters, and consistent bond distances as well
as oxygen coordinate corresponding to their refined models. These two structural
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interpretations of the diffraction data are significantly different from the view point of
chemical and physical properties of the crystal.
It is possible for MgV2O4 spinel to display an intermediate stage between point
defects disseminated throughout the crystal and distinct domains. While different crystals
may exhibit different degrees of dissemination of the (M' + ), this study showed
conclusively that our sample had distinct domains of periclase in spinel.
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Figure 1. BSE images of (a) the selected crystal oriented and polished parallel to (001)
planes, and (b) a crystal from the same synthesis oriented parallel to (111). The inclusions
in these crystals appear to follow specific crystallographic orientations, with 4-fold and 3fold patterns, respectively.

(a)
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Fig 1 cont.
(b)
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Figure 2. XEDS maps and statistics. (a) Phase map with the periclase phase in green or
light gray and the spinel phase in red or dark gray (undetermined in black) (b) Orientation
map. Regions having the same crystallographic orientation are represented by the same
color. Spinel matrix and most inclusions have the same crystallographic orientation (001)
as indicated by reddish pink or dark gray. One inclusion is misoriented from the matrix
and shown in light green or light gray indicating (101) orientation. The unit-cell symbols
are also inserted to indicate the two different orientations observed in this crystal. The
histogram on the left shows the normalized distribution of misorientation across the grain
boundaries. This shows approximately 60° misorientation between the spinel matrix and
the grain in green. Note that the random colored points at the edges of the crystal are
misindexed points for which poor quality patterns were obtained, thus these were
excluded from the analysis.

(a)
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Fig. 2 cont.

(b)
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Figure 3. EBSD patterns of (a) spinel matrix and (b) periclase inclusion. Kikuchi lines
demonstrate that the two phases have the same crystallographic orientation.

(a)

(b)
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Figure 4. Doubled rock-salt unit cell with interstitial atoms (light-colored spheres) at the
tetrahedral site. Oxygen atoms are represented by large spheres and the octahedral site by
small dark spheres.
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Figure 5. Two possible structural interpretations of our X-ray diffraction data. Oxygen
atoms are represented by large spheres. (a) Model A: the spinel structure showing the
tetrahedral site, T (green or gray spheres), the octahedral site, M (small dark spheres), and
the interstitial octahedral site, M' (small light-colored spheres). When the M' site is
occupied, the T site is likely to be vacant due to electrostatic repulsion (T-M' = 1.822 Å).
Each sphere at the M' site represents 0.053 Mg occupancy. (b) Model B: a periclase
domain (marked with the dotted box) embedded in the spinel matrix, viewed down on
[ 1 1 2] (above), and on [ 1 1 1] (below). In the figure above, the tetrahedral site is
represented by green or gray spheres and the octahedral site by small dark spheres. Note
that the oxygen atoms and the M' sites are continuous.

(a)
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Fig. 5 cont.

(b)

spinel
periclase
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Table 1. Chemical composition of MgV2O4 spinel
========================
Oxide
wt%
---------------------------------------MgO
30.9(9)
68.1(7)
V2O3
Total
99.0(6)
----------------------------------------Cations based on 4 oxygen atoms
----------------------------------------Mg
1.37(3)
3+
1.26(6)
V
0.37(3)
V4+
Total
3.00
=========================
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Table 2. Summary of crystal data and X-ray data
=====================================================
Chemical formula*
Mg1.37(V3+1.26V4+0.37)O4
Chemical formula weight

116.28

Crystal size (mm)

0.03 × 0.04 × 0.05

Synthesis conditions

1200 °C, 1 bar, FMQ + 1.3

Space group

Fd 3 m (No. 227)

a (Å)

8.4170 (7)

V (Å3)

596.31 (9)

Z

8
3

ρcalc (g/cm )

4.049

λ (Å)

0.71073

μ (mm-1)

5.44

θ range for data collection

4.19 – 57.05

Collected reflections

1705

Unique reflections

228

Unique reflections with I > 2σ(I)

210

R(int)

0.017

=====================================================
* Chemical formula calculated from microprobe analysis based on 4 oxygen atoms.
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Table 3. Comparison of refinement results for spinel between two models A and B
(corresponding to Figures 5a and 5b, respectively).
==============================================================
Model A

Model B

==============================================================
No. of parameters refined
Goodness-of-fit

10

8

1.135

1.181

R factors [I > 2σ(I)]

R1= 0.017, wR2=0.042

R1= 0.018, wR2=0.045

R factors (all)

R1= 0.020, wR2=0.042

R1= 0.021, wR2=0.045

u

0.25984(6)

0.26015(6)

U11(T)

0.00629(16)

0.00615(14)

U11(M)

0.00560(6)

0.00561(6)

U12(M)

-0.00019(3)

-0.00020(3)

U11(O)

0.00774(14)

0.00749(13)

U12(O)

-0.00064(9)

-0.00088(9)

T-O

1.9657(8)

1.9704(8)

M-O

2.0249(5)

2.0224(5)

M'-O

2.1902(5)

V(T)

3.8985

3.9254

V(M)

10.9592

10.9133

V(M')

13.8870

------

site occ (T)

0.966(8) Mg

site occ (M)

0.820(10) V + 0.180 Mg

site occ (M')

0.053(3) Mg

------

1.00 Mg
0.842(7) V + 0.158 Mg
--------

===============================================================
Tetrahedral site (T) located at [1/8, 1/8, 1/8] (8a), U11 = U22 =U33, U12 = U13 = U23 ≡ 0
Octahedral site (M) located at [1/2, 1/2, 1/2] (16d), U11 = U22 = U33, U12 = U13 = U23
Octahedral site (M') located at [0, 0, 0] (16c), U11 = U22 = U33, U12 = U13 = U23
Oxygen (O) located at [u, u, u] (32e), U11 = U22 = U33, U12 = U13 = U23
The anisotropic displacement parameters for the M' site are constrained to be those of the M site.

72

Table 4. Refinement results for model B with the octahedral site occupied by (1) V + Mg (preferred) and (2) V + . The
tetrahedral site was constrained to be fully occupied by Mg. The observed T-O, M-O, a, and u are compared with the calculated
ones (see text).
=========================================================================
(1) V + Mg

(2) V + 

=========================================================================
T-O (Å)

obs
calc
Δ
----------------------------------------------1.9704(8)
1.971
~0.001

obs
calc
Δ
------------------------------------------------------1.9701(8)
1.971
~0.001

M-O (Å)

2.0224(5)

2.0217

0.0007

2.0225(5)

2.0148

0.0077

a (Å)

8.4170(7)

8.4160

0.0010

8.4170(7)

8.3971

0.0199

u

0.26015(6)

0.26021

0.00006

0.26014(5)

0.26052

0.00038

3+

0.684(7)

0.708(3)

4+

V (apfu)*

0.158

0.219

Mg (apfu)

0.158

------



-----

0.073

Mg/V

0.78

0.54

V (apfu)

=========================================================================
* calculated based on charge balance
Mg/V from microprobe analysis: 0.84
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APPENDIX B:

AN APPARENT SYMMETRY P6322 SPACE GROUP AND MEROHEDRAL
TWINNING: STRUCTURAL INVESTIGATION OF KALSILITE AT
CRYOGENIC TEMPERATURES
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An apparent symmetry P6322 space group and merohedral twinning: structural
investigation of kalsilite at cryogenic temperatures

Hinako Uchida1, Robert T. Downs1 and Hexiong Yang1
1
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Abstract

Natural kalsilite, (K0.88Na0.10)(Al0.94Si1.02 Fe3+0.04)O4 from San Venanzo, Italy, and
K0.91Na0.09(Si1.00 Al1.00)O4 from Alban Hills, Italy, were investigated using single-crystal
X-ray diffraction and microprobe analysis. For the sample from San Venanzo, some
superstructure reflections with

3 a were detected. For this sample, observed systematic

absences were consistent with possible space group P63 or P6322, but analysis of the
intensity data suggested P6322 due to merohedral twinning. The refined structure based
on P63 had Si and Al positions reversed from those in previously published structures by
Perrotta and Smith (1965), Andou and Kawahara (1984), and Cellai et al. (1999).
Moreover, the difference Fourier map (Fobs-Fcalc) indicated the presence of residual
electron density (0.73 e-/A3) at ~ 0.35 Å away from the K site along the c-direction,
therefore the Na atom was assigned to that site. The final refinement yielded an R1 factor
of 2.1 % (I > 2σ). The crystal from Alban Hills is not twinned and the refined structure
based on P63 is essentially the same structure as those published previously except that
the off-axis apical oxygen atom (O1) falls in three positions (with 1/3 occupancy) that are
different from those previously reported. The final R1 factor is 3.2 % (I > 2σ).
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Additionally, the same crystal from San Venanzo was examined under cryogenic
temperatures (254, 223, 100 K). The isotropic displacement parameters of all the atoms
decreased significantly from room temperature to 223 K, below which the parameters
remained constant. On one hand, the change in the isotropic displacement parameter was
especially significant for O1 and the parameter remained large even at 100 K (Uiso =
0.035 Å2), indicating that large displacement parameters observed at room temperature
resulted from both dynamic and positional disorder. On the other hand, the change in the
isotropic displacement parameter was also significant for K, because the parameter below
223 K is small (Uiso = 0.01 Å2), indicating only dynamic disorder. For comparison, the
Uiso value for Na in ordered albite feldspar at 13 K was measured by Smith and Artioli
(1986) as 0.007 Å2, while the O atoms displayed an average value for Uiso of 0.005 Å2.
Cell volumes obtained at these temperatures yielded the thermal expansion rate 29×10-6
K-1, much lower than 36 ×10-6 K-1 for nearly pure natural kalsilite reported by
Capobianco and Carpenter (1989) and 39.4×10-6 K-1 for the sample Ks89 reported by
Hovis et al. (2003, 2006) for the temperature range from 20 to 850 ºC.

Introduction

Kalsilite, KAlSiO4, is an end-member of the geologically important ternary
system, NaAlSiO4-KAlSiO4-SiO2. The composition, i.e., Na/K ratios, of natural
nepheline is thought to be a function of the bulk composition and crystallization history
of the host rock (c.f., Miyashiro, 1951; Ferry and Blencoe 1978), and therefore, the subsolidus phase relations between nepheline and kalsilite and their thermodynamic
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properties have been experimentally and theoretically investigated (Smith and Tuttle,
1957; Tuttle and Smith, 1958; Ferry and Blencoe, 1978). Many kalsilite crystals exhibit
exsolution of nepheline in varying degrees according to their cooling histories (Yund et
al. 1972). Kalsilite occurs mainly in K-rich, silica-undersaturated lavas and in, although it
is rare, metamorphic rocks.
Although there have been many structural studies in literature for kalsilite, it is
still of interest for further investigation because of the complex nature of kalsilite
resulting, in part, from the presence of exsolution, twinning, and/or superlattice
(Carpenter and Cellai 1996; Xu and Veblen 1996). There are several structures, i.e., space
groups, reported for kalsilite. The space group P6322 for kalsilite was first proposed by
Bannister and Hey (1942) using oscillation X-ray photography. From Weissenberg
photographs on a volcanic kalsilite, Perrota and Smith (1965) proposed possible space
groups P63 (Laue group 6/m) or P6322 (Laue group 6/mmm), but the latter was discarded
due to a disagreement between observed and calculated structure factors, thus the first
structure refinement based on P63 was presented. Based on precession photographs and
intensity data from single-crystal X-ray diffraction, Dollase and Freeborn (1977) assigned
P63mc (hhl, l=odd absent) to a synthetic sample (Ks0.96Ne0.04), produced from nepheline
by ion exchange in molten KCl. The P63mc structure had positional disordering of the
basal oxygen atoms when compared to the P63 kalsilite structure, and appeared to have
been caused by out-of-phase domain boundaries during transformation of nepheline to
kalsilite. By comparing the generation of twins in low quartz, the domain structure of
kalsilite was considered to be ascribed to the high-low transition of the structure; a

77

displacive transformation between P63mc and P63 namely high and low kalsilite,
respectively, was observed at 865 oC (Andou and Kawahara, 1982; Abbott, 1984;
Kawahara et al. 1987; Carpenter and Cellai 1996). Andou and Kawahara (1982) also
considered disordered high-kalsilite P63/mmc at higher temperatures, which exhibited the
random distribution of the Si and Al atoms in the tetrahedral sites. Cellai et al. (1997)
refined the structure of a metamorphic kalsilite, separated from a granulite facies gneiss
from the Punalur district in Kerala, Southern India, with P31c. The diffraction data
pointed to the apparent P 6 2c space group (6/mmm, hhl, l = odd absent) due to the
presence of {0001} twinning in crystals of P31c symmetry. Capobianco and Carpenter
(1989) investigated the thermal behavior of natural, synthetic, and ion-exchanged kalsilite
using TEM, powder X-ray diffraction, and high-temperature single-crystal diffraction.
When heated, diffraction patterns showed superstructure reflections associated with an
unquenchable new phase, namely 3 3 kalsilite, which was stable between 860 and 910
ºC. This new phase appeared to have a hexagonal structure but there was some evidence
that the phase became orthorhombic (a ≠ 3 3 b). Based on the TEM observations on
low-temperature P63 kalsilite with polysynthetic twinning on (001), a psudohexagonal
structure is also suggested. Above 910 ºC, the superstructure reflections faded and a
phase with hexagonal structure was observed, possibly the phase reported by Kawahara
et al. (1987) (absence of hhl, l = odd reflections). TEM observations (Carpenter and
Cellai 1996) and SRD structure refinement (Cellai et al. 1997) showed that a twin
boundary of crystals with P31c symmetry was a unit of P63 structure. Cellai et al. (1999)
annealed a crystal at 500 ºC, and the SXD refinement showed that the structure was
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similar to that of volcanic kalsilite except that the apical oxygen did not exhibit the offaxis distributions as observed in volcanic samples by Perrotta and Smith (1965). They
postulated that the splitting of the apical O1 atom is attributed to the presence of some Na
atom in the K site, which draws in nearby O atoms leading to the collapse of the site. Xu
and Veblen (1996) observed a supercell with the P21 space group in kalsilite from the San
Venanzo, Italy, where asuper ≈ bsuper ≈

3 asub and the asuper axis was rotated 30 º about the

c axis with respect to the asub axis. Cellai et al. (1999) suggested that this supercell is
related to the splitting of O1, which was thought to be caused by the presence of Na
atoms. This super cell is not observed in metamorphic kalsilite which does not have Na
atoms (Carpenter and Cellai 1996; Cellai et al. 1999).
Kalsilite is a tectosilicate, having a tridymite-type structure where approximately
half of the Si atoms are replaced by Al. In the two non-equivalent tetrahedral sites, Si and
Al atoms are ordered according to the aluminum avoidance principle. The charge is
balanced by mostly K with a minor amount of Na in the large cavities or ditrigonal rings
of the tetrahedral framework, which are stacked along the c axis and linked via the apical
O1 atoms. In P63 kalsilite, the layers of rings are stacked in a staggered manner as in
tridymite where the ditrigonal rings in alternating layers point in opposite directions. In
P31c, individual layers are the same as those of the P63 structure but the rings are
pointing in the same direction (Cellai et al, 1997). The P63mc structure is produced by an
additional mirror plane perpendicular to the a axis of the P63 structure, and the basal
oxygen atom is disordered between two mirror equivalent positions (Dollase and Feeborn
1987; Andou and Kawahara, 1982). As first observed in nepheline (Hahn and Buerger,
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1955) and later in most kalsilite (Perrotta and Smith, 1965; Dollase and Feeborn, 1977;
Andou and Kawahara, 1982), the apical oxygen, O1 linking (001) layers is displaced
from the 3-fold axis, making the T1-O-T2 angle less than 180°. The metamorphic
kalsilite (Ks100) studied by Cellai et al. (1997, 1999) does not show the off-triad
distribution of the apical O1 atom in both P63 and P31c, which makes the T1-O1-T2
angle 180 °.
Because of the geological and crystal chemical importance of this mineral,
structural behavior of kalsilite at high temperatures has been intensively studied. Cellai et
al. (1999) observed an irreversible transformation of the metamorphic kalsilite crystals
from the P31c to P63 structure between 200 and 500 ºC; the temperature of transition
varied from crystal to crystal. They examined that, as temperature increased, the intensity
of the hhl (l = even) reflections in the X-ray powder patterns decreased while the hhl (l =
odd) increased, indicating that the amount of the P63 phase in the sample was increasing
as the P31c → P63 phase transition proceeded. The expansion of kalsilite is highly
anisotropic; while the a axis was expanding, little change or contraction of the c axis was
observed with increasing temperature. For example, Linthout et al. (1988) studied
expansion behavior of synthetic kalsilite (Ks100) and deduced that the c axis shortening
resulted from the structure along the c axis being fully expanded in kalsilite at room
temperature because the tilting of the tetrahedral relative to the (001) plane had reached
the limit. Capobianco and Carpenter (1989) reported the thermal expansion rate of 36 ×
10-6 K-1 in the temperature range from 20 to 850 ºC with the a-axis expansion rate at 21 ×
10-6 K-1 and the c axis contraction rate at 6 × 10-6 K-1. Hovis et al. (2003, 2006)
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determined thermal expansions of synthetic samples of various compositions in nepheline
– kalsilite solid solutions in the temperature range from room temperature to 1150 ºC
using high-temperature X-ray powder diffraction. The thermal expansion coefficient (α)
was determined to be 39.4 × 10-6 K-1 for Ks886 over the temperature range from room
temperature to 850 ºC.
While many studies are performed at high temperatures to investigate its
symmetry changes and thermal expansion, we examined a kalsilite fragment from San
Venanzo at cryogenic temperatures (254, 223, and 100 K) in order to observe structural
behavior at low temperatures and to investigate the large oxygen displacement parameters.
It has been widely accepted that the large displacement of oxygen atoms results from the
positional disorder or static disorder (Hahn and Buerger 1955). Our cryogenictemperature experiments confirmed that it is due to a combination of dynamic and
positional disorder while those of K and Na atoms are due to only dynamic disorder.

Experimental

Kalsilite from San Venanzo was first examined by Bannister and Sahama (1952).
Geology and petrology of the San Venanzo area are described by Mittempergher (1965).
Kalsilite examined in this study was a clear prismatic crystal not exceeding 1mm in
length and 120 µm in diameter. A fragment of 105×115×135 μm in size (R060030a) cut
from the crystal was selected for further study based on the exsolution-free texture, the
presence of fewer superstructure reflections, and the good diffraction peak quality.
Chemistry of the selected crystal is in Table 1. X-ray data were collected at room
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temperatures on a Bruker X8 APEX single-crystal diffractometer using MoKα radiation
and a graphite monochromator equipped with a 4K×4K CCD area detector. Absorption,
Lorentz, and polarization corrections were performed. Careful examination of the
intensities of the reflections revealed that the Laue group 6/mmm could be the preferable
choice to 6/m with similar internal disagreement factors, i.e., Rint (6/mmm) = 1.3 % versus
Rint (6/m) = 1.2 %, where Rint = Fo2 - <Fo2>/Fo2, and examination for systematic absence
showed the presence of hkl reflections with l = odd and h0l with l = odd, leading to the
space group P6322 (see Table 2 for intensities of selected reflections). The structure was
refined in P6322 with SHELXL-97 (Sheldrick, 1997) using atomic scattering curves,
which yielded a satisfactory result, the disagreement factor R1 = 3.3 % for I > 2σ(I).
However, for the structure to have P6322 symmetry, Si and Al atoms have to be
randomly distributed. To see the possibility of twinning, which could also account for an
apparent 6/mmm diffraction symmetry, refinement was performed based on the P63
symmetry with a (11.0) twin plane, which decreased the R factor to 2.6 % for I > 2σ(I)
with a final BASF of 0.461. Therefore, we concluded that P6322 symmetry, which we
originally thought was due to random distribution of Si and Al (Uchida et al. 2006),
resulted from merohedral twinning of components with P63 symmetry. During
refinements, K, Na and Fe (T2) were constrained based on the chemical analysis in Table
1. Other refined parameters were site occupancies of Si and Al at T1 and T2,
respectively, scale factor, secondary extinction coefficient, atomic coordinates, and
anisotropic displacement parameters (isotropic displacement parameter for Na).
Refinement showed the residual electron density ~0.35 Å from K atom and assignment of Na at
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this site decreased the R factor from 2.6 % to 2.2 %. The final structure was similar to those
published by Perrotta and Smith (1965) and Andou and Kawahara (1984), except that positions of
two non-equivalent T sites occupied mainly by Si and Al were reversed. Experimental

conditions and refinement results are summarized in Table 3 and 4.
A single-crystal fragment, 60×65×88 μm, from Alban Hills, Italy, (136447a) was
examined under the same experimental conditions as above. As opposed to R060030a,
the crystal showed no superlattice reflections. Intensity data for this crystal clearly
indicated the Laue group 6/m with Rint (6/m) = 1.7 % versus Rint (6/mmm) = 2.1 %, and
the structure was refined in the P63. Refinement did not show the residual electron
density near the K site, therefore the site occupancies of K and Na were constrained
based on the chemical analysis (Table 1). The refinement suggested full occupancy of Si
and Al in T1 and T2, respectively, which also agreed with the observed bond distances,
1.608(8) and 1.729(9) Å, respectively. Note that because of the anomalously high
displacements of the O atoms due to the positional disorder, the observed bond distances,
R(Si-O) and R(Al-O), were expected to be shorter than true distances (Downs et al. 1992).
The refined structure was essentially in agreement with the structure published, except
that the spatial distribution of the displaced apical oxygen (O1) was slightly different
from the distribution published. The final R1 for I > 2σ(I) is 3.2 % .
For R060030a, the sample was also examined at cryogenic temperature, 254, 223,
and 100 K. Structure refinements were performed in the same way as described above
and results are listed in Tables 3 and 4. For low-temperature experimental data (223 and
100 K) there was a small but significant electron residual density observed near the apical
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oxygen, O1, and assigning O1 off the three-fold axis decreased the R factors by more
than 0.2 %. Therefore, in accordance with the published structures, the off-axis apical
oxygen atom in our final refined structure falls in three positions, each with 1/3
occupancy. We noticed that the apical oxygen could also be distributed slightly different
from our final refined structure on the a-b plane, i.e., (0.356, 0.731, 0.2496) vs. (0.313,
0.694, 0.2495) for 100 K data. Refinements with those two different positions produce
similar R factors, standard deviations and reasonable bond distances. The fact that we
could refine the structure with O1 at either position might suggest that it be more
appropriate to refine the structure with O1 on the 3-fold axis as done by Cellai et al.
(1997). However, assigning O1 at the 3-fold axis made the T-O-T angle 180º, which is an
unstable configuration (Lasaga and Gibbs 1986). Between those two O1 positions the
structure with O1 at the former position produced more reasonable anisotropic
temperature factors, i.e. U11 = 0.0466, and U22 = 0.0491, as opposed to U11 = 0.0790, and
U22 = 0.0911. Therefore, the former position was chosen for the final refinement.
After the X-ray data collection, the crystals were analyzed on a Cameca SX50
electron microprobe, using an acceleration voltage of 15 kV, a beam current of 20 nA,
beam diameter of 2 μm, and 20 s counting times. For K and Na, a current of 10 nA with
10s counting time was used. As standards, orthoclase (Si, Al and K), diopside (Mg and
Ca), fayalite (Fe), and albite (Na) were used. Ten points were analyzed in each crystal
and averaged (Table 1).
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Results and Discussion

Space group choice and structure description
Space groups of published structure data are summarized in Table 6. The space
groups from this study have been added to the table. To date, there are crystal structures
with two space groups reported in natural kalsilite at ambient condition: P63 (in volcanic
samples) and P31c (in metamorphic samples). Due to twinning, volcanic kalsilite exhibits
the P6322 apparent symmetry (this study) and metamorphic kalsilite appears to have the
P 6 2c symmetry (Cellai et al. 1997). The latter becomes P63 upon annealing (Cellai et al.
1999).
The two samples examined in this study have similar compositions except for the
minor amount of Fe3+ and vacancies in R060030a (Table 1). X-ray diffraction patterns of
R060030a showed some superstructure reflections with

3 a while those of 136447a did

not. The crystal R060030a was twinned and its component was essentially in agreement
with the structure reported by Perrotta and Smith (1965), Andou and Kawahara (1984),
and Cellai et al. (1999), except that the positions of Si and Al were reversed and that the
Na atom was slightly displaced from the K site. The refined structure of 136447a did not
show residual electron density near the K atom and was comparable to the published
structure.
As observed in both nepheline and kalsilite (c.f., Hahn and Buerger 1955), the
investigated crystals also showed large displacement parameters for the oxygen atoms,
with the O1 off the 3-fold axis. In the ideal structure, the apical O1 atom linking (001)
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layers was on the 3-fold axis. This arrangement constrained the T1-O-T2 angle at 180°,
which is a high-energy configuration. Since the low-energy T-O-T angle is approximately
145°, the O1 was displaced from the 3-fold axis and was disordered with 1/3 occupancy
in each (Lasaga and Gibbs 1986; Hahn and Buerger 1955; Perrotta and Smith 1965).
Anisotropic displacement factors at room temperature for these two samples were
comparable and the oxygen atoms in both samples were highly anisotropic (Table 3). The
(Si,Al)O4 tetrahedral group is rigid (Downs, 2000; Schomaker and Trueblood, 1968),
therefore the (dynamic and/or positional) random tilting of the group also leads to large
displacements of the O2 atoms.
In both samples, average T-O bond distances, 1.626 Å and 1.715 Å for R060030a
and 1.608 Å and 1.729 Å indicated Si-Al ordering. All averaged T-O bond distances in
this study were comparable to those in literature, but much larger differences between TO1 and T-O2 were reported in literature; for instance, R(Al-O1) = 1.729 and R(Al-O2) =
1.790 in Perrotta et al. (1965), and R(Al-O1) = 1.567 and R(Al-O2) = 1.715 in Cellai et
al. (1999). The average T-O-T angle, <T-O-T> indicated the tetrahedra were highly
distorted in both samples; the Al tetrahedron was more distorted than the Si tetrahedron.
In comparison with 136447a, R060030a shows less distorted Si tetrahedron and more
distorted Al tetrahedron.

Cryogenic-temperature experiments on R060030a
To further investigate the source of the large oxygen displacement parameters and
examine structural changes as a function of temperature, we conducted low-temperature
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single-crystal X-ray diffraction experiments on R060030a at 3 different temperatures:
254, 223, and 100 K. The unit cell parameters at these temperatures are listed in Table 3b.
In Figures 1a, changes in unit cell volumes with temperature are shown. The hightemperature data of pure kalsilite (Kawahara et al. 1987; Linthout et al. 1988; Carpenter
and Cellai, 1996) and kalsilite with intermediate composition: Ks98, Ks886 and Ks79
(Hovis et al. 2003), Ks88 (Carpenter and Cellai 1996) are also presented. Symbols are
assigned based on K content: squares for Ks~100, diamonds for Ks~89, and crosses for Ks79.
These figures show that Na-bearing samples exhibit higher expansivity and that thermal
expansion of kalsilite was highly anisotropic. Cell edge a expands linearly for all samples
of different compositions in a similar way especially in the temperature range from room
temperature up to 800 ºC (Figure 1b). On contrary, the behavior of c axis expansion
depends on Na content (Figure 1c); presence of Na allows the structure to expand along
the c axis. For Na-bearing samples, the c axis expanded and then contracted with
increasing temperature. For pure kalsilite, the c axis only contracted with increasing
temperature, with exception of data by Kawahara et al. (1987). As a result, volume
expansion is greater for kalsilite with higher Na content. In the temperature range from
100 K to room temperature, our data (Ks88) showed thermal expansion rate of 29×10-6 K-1,
much lower than 39.4×10-6 K-1 reported for the sample Ks89 for the temperature range
from 20 to 850 ºC by Hovis et al. (2006).
Displacement parameters at different temperatures are listed in Tables 4a and b.
Both O1 and O2 were highly anisotropic at all temperatures. Anisotropic displacement
parameters indicated that as temperature decreases the thermal vibration of the O1 atom
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became more perpendicular to the c axis, and the O2 atom remained highly anisotropic
exhibiting an elongation along the c axis. Figure 2 shows the changes in isotropic
displacement parameter, Uiso, as a function of temperature. The displacement parameters
for O1 and K decreased significantly with temperatures between 295 to 223 K, below
which the parameters remained constant. The significant decrease of Uiso of O1 with
decreasing temperature and the large value at 100 K, 0.035 Å, indicated that the large
displacement observed at room temperature was due to a combination of dynamic and
positional disorder. The Uiso change of O2 was not as large as O1 but O2 had a large
displacement along c direction even at 100 K (U33 = 0.0530 Å2). In contrast,
displacement of the K atom decreased significantly with temperature and was small
below 223 K (Uiso = 0.01 Å2), indicating that observed disorder at higher temperatures
was dynamic. The least change with temperature was observed for Si and Al with Uiso =
~0.009 Å2 at 100 K. For comparison, the Uiso value for Na in ordered albite feldspar at 13
K was measured by Smith and Artioli (1986) as 0.007 Å2, while the O atoms displayed an
average value for Uiso of 0.005 Å2. Although a small residual electron density indicating a
split of O2 into two positions was observed during refinements of data from 295 to 223 K,
splitting of the O2 atom was not observed in the refinement of 100 K data. However, the
fact that the displacement of O2 remained large and strongly anisotropic at 100 K may
suggest that it could be interpreted in terms of a split-atom model. These large
displacement parameters indicate the positional disorder of both O1 and O2 atoms, due to
the random orientations of rigid SiO4 tetrahedral units.
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Figure 1. Unit-cell volume changes as a function of temperature (a) V-Vo, (b) a-ao, and (c)
c-co. Ks~100: Kawahara et al. 1987 (open squares); Linthout et al. 1988 (filled squares);
Carpenter and Cellai 1996 (square with cross); Hovis et al. 2003 (gray squares); Ks~89:
(present study (filled diamonds); Hovis et al. 2003 (open diamonds); Carpenter and
Cellai 1996 (gray diamonds); Ks79: Hovis et al. 2003 (cross)
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Figure 2. Uiso versus temperature. Filled square: Error bars for O1 (filled squares) and Na
(open triangles) indicate 1 sigma. For Si (filled diamonds), Al (open diamonds), K (filled
triangles), and O2 (open squares), error bars are as large as or smaller than symbols (also
see Table 4). The Uiso values of oxygen atoms O1 and O2 remain large at 100 K.
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Table 1. Chemical composition (wt%) of kalsilite crystals R060030a and 136447a and
chemical formulae.
=============================================================
Oxide

R060030a

136447a

-------------------------------------------------------------------------------------------------------K2O

26.30(14)

27.09(23)

Na2O

1.94(9)

1.66(10)

SiO2

38.83(17)

38.76(14)

Al2O3

30.53(15)

32.61(9)

Fe2O3

1.74(27)

-------

Total

99.34

100.12

-------------------------------------------------------------------------------------------------------Cations based on 4 oxygen atoms and 2 total cations at T site
-------------------------------------------------------------------------------------------------------K

0.882(6)

0.906(7)

Na

0.099(5)

0.089(5)

Si

1.020(4)

1.005(3)

0.944(4)

0.995(3)

0.036(5)

-------

2.981

2.995

Al
Fe

3+

Total

-------------------------------------------------------------------------------------------------------Chemical formula

K0.88Na0.10(Si1.02 Al0.94Fe3+0.04)O4

K0.90Na0.10(Si1.01 Al0.99)O4

=============================================================
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Table 2. Intensity data of the selected reflections for Laue group P6322 and P63.
6/mmm
hkl

6/m
hkl
1 33

This study

Kalsilite from Marino Latium*

Intensity

Intensity

32.63 31.54 32.15 31.69 31.78
32.32 32.10 32.40 32.27 31.95
32.15 32.47 32.14

13 3

2 33

3 24

32.27
32.37
32.55
31.97
32.60
18.24
17.95
18.89

31.95 32.15 32.47 32.14
32.36 31.95 32.06 31.53
32.12 32.73 32.59 32.02
32.18 31.83 32.11 31.80
32.15 32.24
18.46 18.07 18.61 18.34
18.46 18.42 18.64 18.25
18.62

3 24

2 34

4 33
4 33
3 43

17.89 17.81 17.80 17.48 17.75
17.81 17.86 17.25 17.66 17.91
18.53 17.97 17.99 17.79 17.84
17.89
28.20
28.68
28.54
28.51
28.59
28.11
28.17

28.06 28.40 28.33 28.35
28.05 28.57 28.43 28.97
27.88 28.21 28.39 28.19
28.56 28.42 28.19 28.21
28.08 28.20 28.59 28.15
28.19

* Kalsilite from Marino Latium, Italy (unpublished)

33.56
33.14
33.02
31.72
32.51
31.30
31.15
30.48
30.66
30.38
15.72
15.48
15.11
16.31
15.36
21.52
20.87
21.18
20.99
20.75
27.97
27.41
27.03
27.17
29.05
29.34
28.33
28.69

33.04
32.51
31.82
32.24
32.04
31.37
31.14
31.05
30.42

33.33
33.25
32.55
32.36
32.61
30.76
31.67
30.13
31.12

33.04 32.52
32.84 33.18
31.65 31.42
32.10 31.29
32.46
31.03 30.28
30.64 30.34
30.54 29.87
31.01 31.03

15.48
15.32
15.83
15.85
15.38
21.13
21.59
21.41
21.44
21.41
27.83
27.71
27.37
26.91
29.09
28.91
28.93

16.04
16.31
14.71
14.85
15.81
21.28
21.26
21.61
21.03
21.03
27.73
26.84
27.07
27.33
29.32
28.73
28.75

15.80
15.47
15.25
16.00
15.41
22.44
21.33
21.31
20.15
20.48
27.91
27.44
27.31

15.23
15.18
14.37
15.29
21.40
21.28
20.64
20.75
27.24
27.48
27.07

29.38 29.07
29.27 28.77
28.71 28.22
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Table 3. Summary of crystal data and X-ray data at room temperature for R060030a and 136447a and at low temperatures for
R060030a.
=================================================================
R060030a (295 K)
136447a (295 K)
=================================================================
Space group
a (Å)
c (Å)
V (Å3)
Z

P63
5.1614(2)
8.6697(4)
200.018(14)
2

P63
5.1554(1)
8.6678(4)
199.510(11)
2

Crystal size (μm)

105×116×135

60×65×88

ρcalc (g/cm )
λ (Å)
μ (mm-1)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections with I > 2σ(I)
R(int)
No. of refined parameters
Goodness-of-fit
R factors [I > 2σ(I)]
R factors (all)

2.604
0.71073
1.736
2.35 – 42.82
3815
957
837
0.0173
33
1.096
R1= 0.021, wR2= 0.048
R1= 0.026, wR2= 0.050

2.614
0.71073
1.635
4.57 – 42.88
3060
936
709
0.0228
31
1.076
R1= 0.032, wR2= 0.066
R1= 0.050, wR2= 0.074

3

===================================================================
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Table 3. cont.
======================================================================================
254 K
223 K
100 K
======================================================================================
a (Å)
c (Å)
V (Å3)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections with I > 2σ(I)
R(int)
No. of refined parameters
Goodness-of-fit
R factors [I > 2σ(I)]
R factors (all)

5.1559(3)
8.6661(5)
199.51(2)
2.35 – 42.85
3796
952
864
0.0181
33
1.091
R1= 0.019, wR2= 0.046
R1= 0.022, wR2= 0.048

5.1530(3)
8.6656(4)
199.273(19)
2.35 – 42.87
3786
949
887
0.0185
33
1.122
R1= 0.019, wR2= 0.046
R1= 0.021, wR2= 0.047

5.14650(10)
8.6529(3)
198.480(9)
4.57 – 46.16
3595
978
887
0.0182
33
1.085
R1= 0.020, wR2= 0.048
R1= 0.024, wR2= 0.050

======================================================================================
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Table 4. Refinement results at room temperature for R060030a and 136447a and at low temperatures for R060030a.
=======================================================================================
R060030a (295 K)
=======================================================================================
Atom
x
y
z
U11
U22
U33
U12
U13
U23
Ueq
occ
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------K (2a)

0

0

.25380(19)

.01884(11) .01884(11) .0218 (3)

.00942(6)

.01983(8)

K0.88

Na (2a)

0

0

.2142 (18)

.0287(48)

Na0.10

T1 (2b)

1/3

2/3

.06363(3)

.0120 (3)

.0120 (3)

.0143(4) .00601(16)

0

0

.0128(3)

Si1.00

T2 (2b)

1/3

2/3

.44560(4)

.0115(4)

.0115(4)

.0125(5) .00573(18)

0

0

.0118(3) Al0.94 Fe0.04 Si0.02

O1 (6c)

.331(8)

.708(8)

.2502 (8)

.073(7)

.074(8) .0180 (8)

.019(3)

.016(4)

.046 (3)

O 1/3

O2 (6c) .39805(17) .0147(3)

.5019 (5)

.0144(3)

.0125(3) .0566 (5)

.0058(3) -.0077(7) -.0029 (5)

.0282 (2)

O 1.0

.056 (7)

0

0

=======================================================================================
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Table 4. cont.
==========================================================================================
136447a (295 K).
==========================================================================================
Atom
x
y
z
U11
U22
U33
U12
U13
U23
Ueq
occ
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------K (2a)

0

0

.2555(3) .01774(15) .01774(15) .0235(2)

.00887(8)

0

0

T1 (2b)

1/3

2/3

.06322(8)

.0104(4)

.0104(4) .0115(5)

T2 (2b)

1/3

2/3

.44510(5)

.0107(4)

O1 (6c)

.302(13)

.678(12)

.2612(9)

.071(9)

.0052 (2)

0

0

.0108(4)

.0107(4) .0129 (4) .00534(18)

0

0

.0114 (3)

Si1.00

-.015(5)

.040(4)

O 1/3

O2 (6c) .38307(22) .98518(20) .5039(3)

.0127(4)

.0051(3) -.0032(7) -.0046(6)

.0242 (2)

O 1.0

.063(7) .0129(14)
.0096(4)

.0498(6)

.054(8)

-.013(5)

.01965(13) K0.91 Na0.09
Al0.99 Si0.01

==========================================================================================
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Table 4. cont.
=============================================================================
R060030a (254 K)
=============================================================================
Atom
x
y
z
U11
U22
U33
U12
U13
U23
Ueq
---------------------------------------------------------------------------------------------------------------------------------------------------------K

0

0

.25404(16) .01415(8) .01415(8) .0167 (2) .00707(4)

Na

0

0

.2120 (16)

T1

1/3

2/3

.06347(2)

.0109(3) .0109(3) .0121(4) .00543(14)

0

0

.0113(3)

T2

1/3

2/3

.44553(4)

.0104(3) .0104(3) .0105 (4) .00519(16)

0

0

.0104 (3)

O1

.352(10) .726 (4)

.2470(6)

O2

.39698(15) .0145(2)

.5021(4)

0

0

.01501(7)
.021 (3)

.051(8)

.053(7) .0124 (9)

.0125(3) .0103(2) .0542(4)

.032(10)

-.005(3)

-.004(2)

.036 (2)

.0056(3) -.0066 (7) -.0024 (4) .02571(18)

==============================================================================
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Table 4. cont.
================================================================================
R060030a (223 K)
================================================================================
Atom
x
y
z
U11
U22
U33
U12
U13
U23
Ueq
---------------------------------------------------------------------------------------------------------------------------------------------------------------K

0

0

.25404(13) .00987(7) .00987(7) .01235(18) .00494(3)

Na

0

0

.2100 (13)

T1

1/3

2/3

.06348(2)

.0096(3)

.0096(3)

.0095 (4) .00478(14)

0

0

.0096(3)

T2

1/3

2/3

.44555(5)

.0097(3)

.0097(3)

.0094 (5) .00483(16)

0

0

.0096(3)

.2466 (5)

.043(4)

.047(4)

O1

.353(6) .7318(18)

O2 .39622(15)

.0144(2)

.5004(4)

0

0

.01070(6)
.018 (3)

.0105 (3) .0084 (2)

.0100(9)
.0535 (5)

.025(6)

-.004 (2) -.0023(15)

.0048 (3) -.0059 (6)

.0322(12)

-.0006(4) .02413(19)

=================================================================================
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Table 4. cont.
=============================================================================
R060030a (100 K)
=============================================================================
Atom
x
y
z
U11
U22
U33
U12
U13
U23
Ueq
---------------------------------------------------------------------------------------------------------------------------------------------------------K

0

0

.25430(14) .00960(7) .00960(7) .01224(19) .00480(4)

Na

0

0

.2092 (13)

T1

1/3

2/3

.06364(3)

.0095(3)

.0095(3)

.0099(5) .00474(16)

0

0

.0096 (4)

T2

1/3

2/3

.44564(5)

.0093(4)

.0093(4)

.0086(6) .00464(18)

0

0

.0091(4)

.2496(7)

.047(8)

.049 (5)

.0118(8)

.027(10)

.002(2)

.0346(14)

.5003 (4) .0099 (3)

.0085(3)

.0530(5)

.0044(3) -.0075(6) -.0003(4)

.0239(2)

O1

.356(10) .731 (3)

O2 .39617(18) .0144(3)

0

0

.01048(7)
.020(3)

.000(3)

=============================================================================
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Abstract

Fourteen spinels from two types of mantle xenoliths from the San Carlos Volcanic
Field, Arizona are characterized using single-crystal X-ray diffraction and electron
microprobe analysis. The dominant feature seen in the chemistry of spinels from Group I
xenoliths is the extensive substitution of Cr with Al (Cr0.20Al1.76 to Cr0.83Al1.10) correlated
with Mg with Fe2+ (Mg0.69Fe2+0.31 to Mg0.80Fe2+0.19). Although Group II spinels display
consistently low Cr values, they also display a well-correlated substitution of Mg with
Fe2+ (Mg0.63Fe2+0.37 to Mg0.69Fe2+0.31). Unit-cell parameters for spinels from Group I
xenoliths range from 8.1259 to 8.2167 Å, while those from Group II xenoliths range from
8.1247 to 8.1569 Å. The cell parameters are linearly correlated with Fe2+ and Cr contents.
Cation distributions were determined from experimental bond lengths and refined site
occupancies using the algorithm of Lavina et al. (2002). The San Carlos spinels display
variable degrees of order, with inversion parameters ranging from 0.10 to 0.16 for Group
I and from 0.17 to 0.22 for Group II. Closure temperatures were computed with the
Princivalle equation, giving averages of 808(37) °C for spinels from Group I xenoliths
and 822(62) °C for samples from Group II xenoliths. It is shown that these results are
reasonable, and thus extend the use of the Princivalle equation, or at least its functional
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form, to samples with significant Cr and Fe2+ content. This study demonstrates that, in
spite of the extensive chemical variability of San Carlos spinels and even that the origin
of the two groups of xenoliths are different, the coordinates of oxygen remain fixed,
suggesting that the oxygen coordinate is a function of thermal history.

Introduction

Peridot Mesa in the San Carlos Indian Reservation, Arizona, is a late Tertiary to
Quaternary basalt flow that contains abundant ultramafic xenoliths (Bromfield and
Schride, 1956). Bernatowicz (1981) determined an age of 0.58 ± 0.21 Ma for the Peridot
Mesa Vent using K-Ar method. The geology of the San Carlos Volcanic Field is described
in Marlowe (1961) and Wohletz (1978). Spinel lherzolites, pyroxenites and herzbergites
xenoliths have all been reported from San Carlos (Galer and O’Nions, 1989).
Mantle xenoliths are classified into two general types, defined primarily on the
basis of major element chemistry. In this paper they are designated as Group I and Group
II, which corresponds to Group I and II of Frey and Prinz, (1978), and to Cr-diopside and
Al-augite groups of Wilshire and Shervais, (1975). Petrographic description of the San
Carlos xenoliths can be found in Table 1 of Frey and Prinz (1978). The results of detailed
geochemical and isotopic studies on San Carlos xenoliths have been reported by many
authors (c.f. Zartman and Tera, 1973; Frey and Green, 1974; Frey and Prinz, 1978;
Zindler and Jagoutz, 1980; Zindler and Jagoutz, 1988; Galer and O’Nion, 1989). The
petrogenesis of mantle xenoliths has been the subject of much investigation. The REE
studies of Frey and Prinz (1978) suggest that Group I xenoliths are not genetically related
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to the host basalt but rather they represent residue after extraction of various degrees of
partial melt. In contrast, Group II xenoliths seem to be chemically related to the host lava
and represent cumulate rocks produced by fractional crystallization of an evolved magma
that was derived from the host magma earlier than the volcanic episodes.
Equilibration temperature and pressure of crystallization for peridotites can be
estimated by a variety of thermometers using chemical exchange reactions between
coexisting minerals. For example, Brey and Köhler (1990) estimated an equilibration
temperature of 1052 °C for the San Carlos spinel lherzolite using two coexisting
pyroxenes. Köhler and Brey (1990) provided an estimate of 12.7 kbar as the equilibration
pressure for Group I spinel lherzolites with mg-number ~ 90 from San Carlos using Ca
exchange between olivine and clinopyroxene.
The temperature and pressure conditions of mantle xenoliths can also be ascertained
by examining the relative occupancies of elements between crystallographically distinct
sites within a single mineral phase. The methodology for this is still in the developmental
stage but important studies include Stimpfl et al. (1999) and Stimpfl (2003) who studied
thermodynamics and kinetics of the Fe-Mg order-disorder process in orthopyroxene to
determine the cooling rates of the crystals, and Nimis (1995, 1999) and Nimis and Ulmer
(1998) who investigated variations in the crystal structural parameters of C2/c
clinopyroxene in response to increasing pressure and concluded that chemical
substitution in the two cation sites enables the decrease of cell volume without inducing
lattice strain.
Potentially, another fruitful way to study the pressure – temperature history of
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mantle xenoliths would be to conduct a complete crystal chemical study, including unitcell parameters, crystal structures and site occupancies, of all the phases in a xenolith. In
such a way, one could combine both of the methods described above; examining not only
the comparative chemistries of coexisting minerals, but also the comparative chemistries
of individual crystallographic sites within a single phase.
We begin our study by describing the crystal chemical systematics observed in
spinels from 13 distinct xenoliths, of both Group I and II, from San Carlos. In later papers,
we will describe the crystal chemistry and intracrystalline – intercrystalline partitioning
of major elements in all the minerals from the same xenolith samples, with the goal of
establishing a correlation between the different phases and potentially a useful and
precise description of petrological conditions and history.
The structures and site occupancies of natural and synthetic spinels have been
studied using single-crystal X-ray diffraction techniques at both room and highertemperature conditions (c.f. Hill et al., 1979; Della Giusta et al., 1996; Lucchesi et al.,
1998; Andreozzi et al., 2000; Carbonin et al., 2002; Andreozzi and Lucchesi, 2002). The
spinel structure can be described as a slightly distorted cubic close-packed array of 32
oxygen atoms with 8 cations in tetrahedral (T) sites, and 16 cations in octahedral (M)
sites per unit cell (Hill et al., 1979). The T and M sites lie on special positions with 4 3m
and 3 m symmetry, respectively. The only variable structural parameters are unit-cell
parameter (a) and oxygen coordinate (u,u,u), which is related to the oxygen packing
distortion. The ideal ccp structure shows u = 0.25, and it is observed that u > 0.25 for the
spinels found in mantle xenoliths. The observed distortion is a consequence of similar M-
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O and T-O bond distances (u = 0.2625 when those two bond distances are equal; Hills et
al., 1979). The unit-cell parameter, a, primarily varies according to bulk chemical

composition whereas u varies with the cation distribution between the T and M sites since
it is geometrically related to the ratio of the bond distances (Princivalle et al., 1989);
u=

0.75R − 2 + (33 / 16) R − 0.5
6( R − 1)

where R = (M-O)2/(T-O)2 and T-O and M-O represent the bond distances. Hazen and
Navrotsky (1996) showed that the unit-cell volume was dependent only on the tetrahedral
and octahedral bond lengths, with the octahedral bonds exerting the greater influence.
Princivalle et al. (1989) observed that u displays a constant value within the spinels from
individual geological settings, even if there is variation in bulk chemistry, whereas
spinels with similar bulk chemistry but belonging to different geological environments
exhibit a wide range of u values. This observation indicates that natural spinels at room
condition may not be in equilibrium. Therefore, their crystallographic parameters must
preserve geologic history. Thermal experiments on spinels of fixed chemistry (c.f. Della
Giusta et al., 1996; Redfern et al., 1999) showed that the most sensitive parameter during
changes in temperature is the oxygen coordinate, with u decreasing significantly during
heating and increasing during cooling in normal spinels. Conflicting reports on the
variation of u with pressure are in literature. Pavese et al. (1999) show that u decreses
with increasing pressure while Levy et al. (2003) show that u and P are not correlated.
Thompson and Downs (2001) demonstrated that there is a relationship between the
distortion from closest packing and P and T.
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The spinel structure can incorporate a variety of different cations in its tetrahedral
and octahedral sites, resulting in a temperature – pressure stability field that is larger than
for pure MgAl2O4. There are two end-member cation distributions in the spinels
commonly referred to as normal, X[Y2]O4, and inverse, Y[XY]O4, where X represents
divalent cations, Y represents trivalent cations, and the brackets, [ ], indicate the
octahedral site. Most natural spinels are disordered and lie between these two endmembers. The disordered configuration can be written as IV(X1-iYi)VI[XiY2-i]O4, where
intracrystalline disorder is defined by the inversion parameter, i. Thus, i = 0 for an endmember normal spinel, and i = 1 for an end-member inverse spinel (Hill et al., 1979). A
totally random arrangement is obtained when i = 2/3. There are extensive studies on
temperature-dependent cation order-disorder using neutron and X-ray powder diffraction
methods over a broad temperature range (c.f. Peterson et al., 1991; O’Neill, 1994;
Redfern et al., 1999; O’Neill et al., 2003). In addition to dependency of cation
distribution on temperature, the influence of bulk composition on such disorder is also a
crucial factor (O’Neill and Navrotsky, 1983; Lavina et al., 2003).
The intracrystalline ordering of a crystal is dependent on the cooling rate and
kinetics of ordering. When the temperature decreases rapidly, the rate of ordering falls
behind the cooling rate and the crystal is no longer in equilibrium with temperature,
where the kinetically controlled ordering path diverges from the equilibrium ordering
path (Ganguly, 1982). The quenching temperature (TQ) is defined as the temperature at
which the ordering reaction stops and the ordering state observed at room condition is
effectively established. The closure temperature (Tc) is defined as the projected
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temperature of TQ onto the equilibrium ordering path. The difference between TQ and Tc
is a function of cooling rate (Ganguly, 1982). Several investigators have studied the
relationships between intracrystalline disorder and closure temperature (Schmocker and
Waldner, 1976; Basso et al., 1984; Della Giusta et al., 1986; Princivalle et al., 1989;
Lucchesi and Della Giusta, 1997; and Lucchesi et al., 1998). Rapidly cooled crystals
display a higher closure temperature than crystals that are slowly cooled, and
consequently, rapidly cooled crystals display higher disorder.

Experimental

Fourteen spinel samples were selected from 13 xenoliths collected by the authors at
Peridot Mesa, San Carlos Volcanic Field, Arizona. The specific location in Peridot Mesa
corresponds to location #2 on Figure 2 of Galer and O’Nions (1989), an operating Peridot
gem mine run by Trudie and Emery Goseyun. Two crystals (SC19 and SC19-2) from one
of the xenoliths were analyzed in order to characterize consistency and establish an
estimate of the systematic errors of our chemistry and structure refinements. The sizes of
the xenoliths found at the site range from less than a centimeter to approximately half a
meter in diameter. Spinel crystals chosen for this experiment were up to 1mm in diameter,
and examinations by electron microprobe did not indicate zoning. They were crushed to
approximately 100-μm size and selected for further study by an examination of their
diffraction profiles. Peak widths from ω-scans ranged from 0.085° to 0.100°, and
represent very well crystallized samples. Descriptions of color, crystal size and the type
of xenolith from which each crystal was picked are found in Table 1. Spinels appear to be
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opaque and black in the rock specimens, but they are translucent and show colors such as
purple, brown and black, when they are approximately 10-μm thick or less.
Diffracted peak positions and intensities were measured on a Picker diffractometer,
using unfiltered MoKα radiation at 45 kV and 40 mA, that was automated with a
Windows-based Visual-Fortran code extensively modified after the SINGLE software
written by Larry Finger and described in Angel et al. (2000). All crystals were examined
under the same set of conditions. The precise positions of 10 peaks between 17° < 2θ <
26° were determined using a modification of the 8-position centering technique of King
and Finger (1979) in which both Kα1 and Kα2 profiles were fit with Gaussian functions.
The cell parameters for each crystal were refined from the measured positions of the
same set of reflections and are reported in Table 2. Intensities were collected to 2θ ≤ 60°,
using ω scans of 1° width, step size of 0.025° and 5 s per step counting times.
Examination of observed intensities indicated Fd 3 m symmetry, as expected. The
structures were refined on F with anisotropic displacement parameters and chemical
constraints using a modification of RFINE (Finger and Prince, 1975) to Rw ranging from
0.003 (SC2) to 0.027 (SC19). Eight parameters were refined; scale factor, secondary
extinction coefficient (Ext), oxygen coordinate, and displacement parameters. To avoid
the effects of strong correlations, the values for site occupancies were not automatically
refined, instead they were manually adjusted until we found the global minimum in Rw.
The structure factors were weighted by w = [ σF2 + (pF)2 ]-1, where σF was obtained from
counting statistics and p chosen to insure normally distributed errors (Ibers and Hamilton,
1974). In particular, the constraint that the errors are normally distributed may produce a
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higher value of Rw, but it insures a uniformly comparable set of data for all the crystals
(Hamilton, 1974). We performed absorption correction on 6 samples by measuring the
crystal shapes and using the program absorb95, modified after Burnham (1966). The
correction did not produce any significant difference in the refinement. The refinement
results are listed in Table 2. In order to test any dependency of the refined parameters on
2θ, we selected a crystal from one of our xenoliths (SC8) and recorded intensities for
reflections to 2θ = 110°. A comparison of the refined structure with that of a subset with
reflections to 60° did not show significant difference in the refined occupancies and
oxygen parameters.
After the X-ray data collection, the same crystals were mounted on glass slides and
polished for electron microprobe analysis. They were analyzed with the Cameca SX50
electron microprobe at the University of Arizona, using an acceleration voltage of 15 kV,
a beam current of 20 nA, a beam diameter of 2 μm, and 20 s counting times. Natural and
synthetic standards were used: Mg – diopside; Si – forsterite (Fo90) (synthetic); Al –
spinel; Cr – chromite (synthetic); Ti – rutile; Mn – rhodonite; Fe – ilmenite (synthetic);
Zn – gahnite; Ni – Ni-doped diopside; V – vanadium. The data were corrected for
fluorescence, absorption, and atomic number effects using the PAP correction method
(Pouchou and Pichoir, 1991). Ten points in average were analyzed on each sample. The
results of the chemical analysis are reported in Table 3.
X-ray scattering factors of Mg and Al are very similar, making it difficult to refine
the Mg and Al site occupancies from X-ray experiments. Although it is possible to obtain
reasonable estimates of these occupancies with careful procedures, such as long counting
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times and the constraint that errors are normally distributed (c.f. Bertolo and Nimis,
1993), it is likely that Mg/Al site occupancies represent the most significant error in the
refined cation distributions. In addition to the similar scattering of Al and Mg, the
complex chemistries of the spinels from San Carlos also made the refinement of cation
distributions problematic. Therefore, we optimized the atomic fractions in each site (Xi)
using the SIDR minimization routine reported in Lavina et al. (2002). The procedure is
essentially based on two assumptions: 1) the bond lengths are a linear combination of site
atomic fractions multiplied by their characteristic bond distances in spinel (except for
Fe3+ and Ni2+, which require additional corrections; Lavina et al., 2002): 2) the mean
atomic number, man, is a linear function of site atomic fractions multiplied by associated
atomic numbers. In the SIDR procedure, crystal chemical parameters are calculated as a
function of variable site atomic fractions and forced to match observed parameters
through the minimization of the following equation, F(Xi),
F(Xi) =

1
⎡ Oj − Cj ( Xi ) ⎤
∑
⎥
j⎢
σj
n
⎣
⎦

2

where Oj are nine observed quantities and three crystal chemical constraints, and σj are
their standard deviations. In the case of San Carlos spinels, the nine observed parameters
are cell parameter, oxygen coordinate, mean atomic numbers calculated from the site
occupancies of the refinement (manT and manM), and atoms per formula unit for the five
major elements (Mg, Al, Fe2+, Fe3+, Cr). The standard deviations of a and u are reported
in Table 2, and we fixed the standard deviation of atomic proportions to 2% for all
elements because the experimentally determined standard deviations are very small and
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would rigidly constrain the optimization and weigh too heavily relative to other
parameters. Cj are computed from the equations of Lavina et al. (2002) as a function of
optimized variable cation fractions: Mg, Al, Fe2+, and Fe3+ in the T site and Mg, Al, Fe2+,
Fe3+, and Cr in the M site. For our samples, Cr, Ti, Ni, and V were constrained to the M
site, whereas Si, Zn, and Mn were constrained to T. The three crystal chemical quantities
that contribute to the minimization function are the total site occupancies for the T (= 1)
and M (= 2) sites and the sum of cation formal valence (= 8) with a σ value of 0.0005.
The minimization led to a satisfactory agreement between observed and calculated
parameters with F(Xi) ranging from 0.1 to 1.1. The optimized cation distributions are
listed in Table 4. The differences between calculated and observed values in a and u are
less than 1σ, and the differences in manT and manM are 0.0 – 0.4, as reported in the table.
Although the behavior of the minimization function is different with respect to each of
the Xi, we can roughly estimate uncertainties from 0.01 to 0.02 for the optimized atomic
fractions. Uncertainties in the inversion parameter is considered not to exceed 0.02 apfu.

Results and Discussion
Chemistry

The chemistries of the spinels from San Carlos lie in the field defined by spinel
(MgAl2O4) – hercynite (FeAl2O4) – magnesiochromite (MgCr2O4) – chromite (FeCr2O4)
solid solution with minor Fe3+. The dominant feature in the chemistry of spinels from
Group I xenoliths is the extensive substitution along the spinel – magnesiochromite solid
solution (Cr0.20Al1.76 to Cr0.82Al1.07), and to a lesser extent along the spinel – hercynite
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solid solution (Mg0.72Fe2+0.27 to Mg0.80Fe2+0.19). The Group II spinels display consistently
low Cr values, but they are rich in hercynite component (Mg0.63Fe2+0.36 to Mg0.69Fe2+0.31).
In Figure 1a, a clear relationship can be observed between Al and Cr content, however
the relational trend is displaced from the line representing ideal substitution of endmember components. The deviation of the observed data from this line is a measure of
the presence of other trivalent cations, mainly Fe3+. A relationship between Mg and Fe2+
content is also observed (Fig. 1b), and Fe and Mg fall closely along the line of ideal
substitution because the amounts of other divalent cations are always small and rather
constant. The major elemental composition of our samples is shown in Figure 1c, where
Cr/(Cr+Al+Fe3+) is plotted against Mg/(Mg+Fe2+). This plot shows a distinct separation
between the Group I and II xenoliths, with Group I richer in Mg and Cr. Spinels from
Group I xenoliths show a broad compositional range and increasing Cr content is roughly
correlated with increasing Fe2+. In Group II, there are four samples with low Cr content
(below 0.08 apfu) and 2 samples with higher Cr content (0.23 apfu). Those samples with
lower Cr content correspond to the previously reported compositional range for Group II
(Frey and Prinz, 1978) and are indicated with triangles. This distinct separation in
chemistry between the two groups is also well explained by the petrological model
proposed by Frey and Prinz (1978), Group I xenoliths representing residue and Group II
being cumulates from more evolved magma. In summary, the chemistry of the spinels in
this study, with the exception of spinels with high Cr content from a Group II xenolith,
spans the same compositional range as previously reported (Galer and O’Nions, 1989;
Frey and Prinz, 1978), as indicated by solid triangles and open triangles, respectively, in
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these three figures. In addition to those major elements, our samples also contain Fe3+
ranging from 0.02 to 0.14 apfu and minor amounts of Ti, Zn, Mn, V, and Ni.

Crystal Chemistry

The unit-cell parameters and cell volumes for spinels from Group I xenoliths range
from 8.1259 - 8.2167 Å and from 536.55 - 554.74 Å3, respectively, while for Group II
xenoliths they range from 8.1247 – 8.1569 Å and 536.32 – 542.71 Å3, respectively. Cell
parameters of the spinels from Group II xenoliths, in general, are smaller than those from
Group I xenoliths although there are some Group I spinels that are just as small. The
observed cell parameters are plotted against Fe2+ and Cr contents, respectively, and
variations in cell parameters can be positively correlated to Fe2+ and Cr contents (Fig. 2a
& b). This is simply a consequence of the shorter Mg-O and Al-O bond distances relative
to those for Fe2+-O and Cr-O. These figures show two distinct populations defined by
Group I and II xenoliths. Data within each distinct population show a roughly linear
variation, each with their own slope. Spinels from Group I xenoliths are dominated by a
larger spread of cell parameters related to the large variation of Cr content, which
influences the M-O bond distances significantly. Change in cell parameters in the spinels
from Group II is relatively small, but increases linearly with the Fe2+ and Cr content. By
comparison, the spinels from Alban Hills volcanic region (Lucchesi et al., 1998), which
have Cr content to 0.0009 apfu (Fig. 2a) are also plotted, and can be used as a reference
for the Mg-Al-Fe2+ system. In Figure 2b we also include data for spinels from the Olkhon
metamorphic complex that contain no Fe2+ (Lavina et al., 2003). In each figure, Group I

118

and II have the same intercept, 8.00 Å (Fig. 2a) and 8.11 Å (Fig. 2b), but differ from the
reference, 8.10 Å (AH) and 8.09 Å (Olk), respectively. The low Cr-containing samples
from Group II xenoliths are on the same linear trend as the samples from Alban Hills
(Figure 2a). High Cr content is responsible for the larger slope in both Group I and II
with respect to the reference in this figure. Samples from both xenolith types display
slopes that are similar to spinels from the Olkhon Metamorphic Complex, as shown in
Figure 2b. The relationship between cell parameter and Fe2+/Cr contents (apfu) in our
samples is described by the following equation:
a = 8.085(15) + 0.136(13)*Cr + 0.112(46)* Fe2+, R2 = 98.8 %.

The intercept value in this equation corresponds closely to the cell parameter of the spinel
end-member, 8.0844(1) Å (Andreozzi et al., 2000).

Cation Distribution and Closure Temperature

Inversion parameters for all spinels were computed and are listed in Table 4. We
calculated i using the definition of the inversion parameter, IV(X1-iYi)VI[XiY2-i]O4. For the
spinels with complex chemistry, the inversion parameter is not only a function of
temperature but also bulk composition. Therefore, it is important to understand whether
the observed difference in i is due to different thermal history or different bulk
composition. The inversion parameters of spinels from Group I span from 0.10 to 0.16,
while those of spinels from Group II range from 0.17 to 0.22. A linear relationship
between i and Cr (Figure 3) suggests that the differences found in i in our samples may
be related to the effect of compositional changes rather than to different thermal history.
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Closure temperatures, Tc, for our samples were calculated using the equation from
Princivalle et al. (1999):
Tc (°C) = 6640*B,

where B = AlT/(AlT + AlM) + 0.101(1 – MgT – AlT) + 0.041(2 – AlM – MgM). The
calculated Tc for our samples are reported in Table 4. The average Tc for spinels from
Group I and II xenoliths are 808(37) °C and 822(62) °C, respectively. We conclude that
the closure temperatures for the two groups are the same within their standard deviations
(Table 4). This conclusion agrees with our observation that the two types of xenoliths in
this study exist together in the basalt lava flows in the limited area of topographic
depression, and therefore they are expected to have similar cooling histories. The
calculated closure temperatures for our samples as well as other localities are plotted as a
function of Cr content in Figure 4. The invariance of Tc on Cr in this figure demonstrates
that the equation by Princivalle does not need additional terms to account for the effect of
Cr.
As observed by Princivalle et al. (1989), spinels that underwent the same cooling
history show rather constant u values in spite of wide compositional range. In the San
Carlos suites, oxygen coordinates for our samples range from 0.2627 (SCGem) to 0.2632
(SC10) for the spinels from Group I, and from 0.2627 (SC11) to 0.2630 (SC1 and SC19)
for the ones from Group II. Since the oxygen coordinate, u, is a simple, nearly linear,
function of the M-O/T-O ratio, then the constant value of u in San Carlos spinels implies
that when one of the bond lengths changes as a result of a chemical substitution, the other
bond length also changes accordingly in a way that keeps the ratio of bond distances and
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u constant. Both intercrystalline coupled substitution and intracrystalline cation ordering

can explain this. In Figure 5, total Al is plotted against total Mg and the inversion
parameter for each sample is indicated below its symbol. The main substitution in the
Group I San Carlos spinels is Cr for Al in the M site, lengthening M-O, coupled with Fe2+
for Mg in the T site, lengthening T-O, in such a way that u is kept constant. This sort of
coupled substitution is fundamentally different from other coupled substitutions observed
in rock-forming minerals such as Na1+ + Si4+ = Ca2+ + Al3+ in feldspar. When substitution
involves only one site, then a change in the inversion parameter is observed. The coupled
substitutions are limited within the Group II suite, but a larger intracrystalline disorder
leads to the same oxygen coordinates as those Group I spinels.

Oxygen coordinates and thermal histories: San Carlos and other localities

Oxygen coordinates (u), inversion parameters (i), Cr content, and calculated closure
temperatures for spinels from various localities are summarized in Table 5. Both types of
San Carlos samples show lower inversion parameters than the samples from the Alban
Hills volcanic region, which have much simpler chemistry with little Cr, whereas they
display similar closure temperatures as some of the Alban Hills samples. Chemical,
structural parameters, and the calculated closure temperatures for Type I spinels from San
Carlos are similar to those of the spinels from the Predazzo area (Carraro, 2003). It
appears that the spinels in both studies experienced similar cooling history despite their
different types of host rocks (subvolcanic dykes vs. lava flows).
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Bond distances, T-O vs. M-O, are plotted in Figure 6. Lines of constant u are
superimposed. All the samples shown here, except for the ones from Alban Hills, lie
along the constant u trends. In the spinels from Alban Hills, the T-O bond distances are
inversely related to M-O, and the oxygen coordinates of the samples from the Alban Hills
span from 0.2616 to 0.2624, which suggests those samples experienced slightly different
thermal histories within the volcanic region, indicated by their varying closure
temperatures. In spite of the extensive chemical variability of San Carlos spinels and even
that the origin of the two groups of xenoliths are different, the coordinates of oxygen
remain fixed, suggesting that the oxygen coordinate is a function of thermal history.
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Figure 1. Chemistry of spinels from San Carlos. Group I spinels in the present study are
represented in solid circles and Group II in open circles. Solid triangles represent spinels
from Group I xenoliths reported by Galer and O’Nions (1989). Open triangles represent
spinels from Group II xenoliths reported by Frey and Prinz (1978). (a) Al versus Cr
(apfu). (b) Mg versus Fe2+ (apfu). (c) Cr/(Cr+Al+Fe3+) versus Mg/(Mg+Fe2+).
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Figure 2. Unit cell parameters are plotted against (a) Fe2+ and (b) Cr content. The solid
and open circles represent spinels from Group I and II, respectively. The X’s represent
spinels from the Alban Hills (AH) volcanic region (Lucchesi et al., 1998). (b) The open
triangles represent spinels from the Olkhon (Olk) metamorphic complex (Lavina et al.,
2003).
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Figure 3. Inversion parameters (i) versus Cr content (apfu). Open triangles repsresnet
samples from the Olkhon (Olk) metamorphic complex (Lavina et al., 2003). Solid and
open circles represent the samples from Group I and II xenoliths, respectively (this study).
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Figure 4. Closure temperatures versus Cr content. Solid circles represent spinels from
Group I (this study), open circles from Group II (this study), open squares from Predazzo
area (Cararro, 2003), open triangles from the Olkhon metamorphic complex (Lavina et
al., 2003), open diamond from NE Brazil (Princivalle et al., 1989), asterisks from

Ethiopia (Princivalle et al., 1989), and crosses from the Balmuccia peridotite (Basso et al.,
1984).
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Figure 5. Al (apfu) contents in spinels in this study are plotted against Mg. Solid circles
represent spinels from Group I and open circles from Group II. The inversion parameter
is indicated below the symbol for each sample.
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Figure 6. Bond distances, M-O vs. T-O, and constant u trends. Solid and open circles
represent the samples from Group I and II xenoliths, respectively (this study). Fields of
samples are indicated by shaded ovals: Balmuccia (Basso et al., 1984), Brazil (Princivalle
et al., 1989) AH (Lucchesi et l., 1998), Predazzo (Cararro, 2003) and Olk (Lavina et al.,

2003). Modified after Princivalle et al. (1989).
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Table 1. San Carlos spinels: sample name, size, color and corresponding xenolith type.

Sample

Approximate crystal size (μm)

Color

Xenolith type

SC 16

103 x 84 x 90

Brownish black

Group I

SC Gem

65 x 129 x 58

Purple

Group I

SC 3

97 x 65 x 65

Reddish purple

Group I

SC 5

100 x 100 x119

Purplish black

Group I

SC 15

97 x 97 x 97

Brownish black

Group I

SC 10

97 x 103 x 97

Reddish purple

Group I

SC 8

129 x 129 x 65

Brown

Group I

SC 2

129 x 129 x 109

Reddish brown

Group I

SC 19

116 x 148 x 142

Black

Group II

SC 19-2

90 x 45 x 52

Black

Group II

SC 1

180 x 142 x 123

Black

Group II

SC 11

84 x 129 x 129

Black

Group II

SC 20

129 x 148 x 110

Black

Group II

SC 14

97 x 129 x 161

Black

Group II

137

Table 2. Structural refinement results: space group: Fd 3 m
Sample
a (Å)
V (Å3)
r-merge
RW
p
T-β11
M-β11
M-β12
u
O-β11
O-β12
T – O (Å)
M – O (Å)
Polyhedral Volume T (Å^3)
Polyhedral Volume M (Å^3)
man T
man M

SC 16

SC Gem

SC 3

SC 5

SC 15

8.2112(1)
553.64(3)
.020
.014
.01229
.00246(10)
.00184(9)
-.00010(3)
.26274(11)
.00256(12)
-.00016(7)
1.9589(5)
1.9538(9)
3.8581
9.7768
15.91
17.95

8.2167(2)
554.74(3)
.016
.017
.01508
.00222(11)
.00190(10)
-.00006(3)
.26270(14)
.00251(14)
-.00013(8)
1.9597(7)
1.9554(12)
3.8624
9.8019
15.63
18.215

8.1866(1)
548.68(3)
.023
.010
.00827
.00249(8)
.00175(7)
-.00009(2)
.26288(9)
.00254(9)
-.00013(6)
1.9552(4)
1.9469(8)
3.8352
9.6701
15.78
16.84

8.20334(9)
552.04(2)
.021
.015
.01532
.00220(11)
.00176(10)
-.00008(3)
.26284(14)
.00250(13)
-.00017(7)
1.9585(7)
1.9512(11)
3.8554
9.7351
16.62
17.23

8.1831(2)
547.96(3)
.010
.016
.01590
.00242(10)
.00241(10)
-.00010(3)
.26279(12)
.00298(12)
-.00015(6)
1.9530(6)
1.9467(10)
3.8227
9.6700
15.85
16.58

Tetrahedral site, T, located at [1/8, 1/8, 1/8], β11 = β22 = β33, β12 = β13 = β23 ≡ 0.
Octahedral site, M, located at [1/2, 1/2, 1/2], β11 = β22 = β33, β12 = β13 = β23
O located at [u, u, u], β11 = β22 = β33, β12 = β13 = β23
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Table 2. cont.
Sample

SC 10

SC 8

SC 2

SC 19

SC 19-2

a (Å)
V (Å3)
r-merge
RW
p
T-β11
M-β11
M-β12
u
O-β11
O-β12
T – O (Å)
M – O (Å)
Polyhedral Volume T (Å^3)
Polyhedral Volume M (Å^3)
man T
man M

8.1544(1)
542.22(3)
.010
.015
.01316
.00232(10)
.00178(9)
-.00007(3)
.26315(11)
.00234(11)
-.00004(6)
1.9511(5)
1.9374(9)
3.8124
9.5203
15.27
15.68

8.1520(2)
541.74(3)
.014
.021
.02070
.00192(13)
.00191(12)
-.00007(3)
.26287(14)
.00259(14)
-.00003(7)
1.9466(7)
1.9388(12)
3.7859
9.5494
15.13
15.44

8.1259(1)
536.55(3)
.013
.003
.001939
.00208(4)
.00201(4)
-.00008(2)
.26293(7)
.00268(4)
-.00006(3)
1.9414(2)
1.9321(3)
3.7554
9.4487
14.58
14.48

8.1569(2)
542.71(4)
.026
.027
.02668
.00214(17)
.00198(16)
-.00013(4)
.26302(17)
.00286(17)
-.00011(8)
1.9499(8)
1.9389(14)
3.8051
9.5465
17.11
15.16

8.1566(2)
542.67(4)
.014
.023
.02071
.00320(15)
.00233(14)
-.00010(5)
.26295(15)
.00347(17)
.00006(11)
1.9488(7)
1.9393(12)
3.7989
9.5548
17.58
14.80
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Table 2. cont.
Sample

SC 1

SC 11

SC 20

SC 14

a (Å)
V (Å3)
r-merge
RW
p
T-β11
M-β11
M-β12
u
O-β11
O-β12
T – O (Å)
M – O (Å)
Polyhedral Volume T (Å^3)
Polyhedral Volume M (Å^3)
man T
man M

8.1357(2)
538.50(4)
0.013
.020
.02080
.00241(15)
.00162(15)
-.00004(5)
.26302(15)
.00268(19)
.00005(8)
1.9449(7)
1.9338(12)
3.7755
9.4723
17.67
13.96

8.1291(1)
537.19(3)
.028
.024
.02773
.00241(15)
.00256(14)
-.00017(4)
.26273(15)
.00335(16)
.00004(8)
1.9393(7)
1.9343(12)
3.7427
9.4877
16.35
14.15

8.1356(2)
538.51(3)
.019
.021
.02306
.00204(15)
.00204(14)
-.00013(3)
.26286(13)
.00288(15)
.00000(7)
1.9427(6)
1.9349(11)
3.7623
9.4932
16.86
14.24

8.1247(2)
536.32(4)
.013
.012
.01553
.00233(10)
.00231(9)
-.00009(2)
.26280(9)
.00309(10)
.00002(5)
1.9392(4)
1.9328(7)
3.7423
9.4631
16.26
13.90
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Table 3. San Carlos spinels: results of microprobe analysis. FeO and Fe2O3 are calculated according to Carmichael (1967). Values in
parentheses are 1σ uncertainties.
SC 16

SC Gem

SC 3

SC 5

SC 15

SC 10

SC 8

SC 2

SC 19

SC 19-2

SC 1

SC 11

SC 20

SC 14

MgO
Al2O3
Cr2O3
SiO2
TiO2
MnO
FeO
ZnO
NiO
V2O3
Total

16.81
32.12
36.20
0.06
0.14
0.26
13.66
0.11
0.18
0.16
99.70

17.01
31.09
35.34
0.07
0.30
0.31
14.02
*0.09
0.28
0.16
98.68

17.67
38.48
28.54
0.04
0.18
0.24
12.56
*0.13
0.25
0.13
98.25

16.21
36.38
26.38
0.06
0.85
0.24
18.25
*0.14
0.34
0.23
99.09

17.56
41.80
20.81
0.10
0.58
0.23
17.44
0.17
0.28
0.23
99.19

18.33
48.21
19.32
0.07
0.22
0.17
11.98
*0.03
0.32
0.13
98.78

18.90
49.92
16.34
*0.04
0.16
0.19
12.92
*0.11
0.33
*0.10
99.02

20.71
57.52
9.81
0.04
0.13
0.13
10.50
*0.08
0.40
*0.08
99.40

15.75
50.20
10.82
0.10
1.04
0.21
20.05
*0.12
0.29
0.17
98.76

15.95
50.53
10.50
0.09
0.98
0.20
19.75
*0.15
0.27
0.17
98.61

15.74
56.55
3.88
0.11
0.44
0.15
20.84
*0.18
0.20
98.10

17.11
58.44
3.49
*0.05
0.47
0.16
18.35
0.16
0.27
0.14
98.66

16.42
57.58
3.22
0.07
0.55
0.15
20.73
0.09
0.27
0.12
99.22

17.65
60.26
1.77
*0.05
0.38
0.14
17.85
*0.13
0.26
0.14
98.65

FeO
Fe2O3

11.03
2.92

10.28
4.15

10.18
2.65

12.95
5.89

11.63
6.45

11.04
1.04

10.35
2.86

8.85
1.83

16.02
4.48

15.67
4.53

16.39
4.95

14.67
4.09

15.94
5.32

14.10
4.17

0.748(13)
1.289(14)
0.641(4)
0.001(1)
0.004(1)
0.006(1)
0.299(3)
0.003(1)
0.006(1)
0.003(1)
0.242(13)
0.057(14)

0.693(9)
1.230(6)
0.598(4)
0.002(1)
0.018(1)
0.006(1)
0.438(5)
0.003(1)
0.008(1)
0.005(1)
0.310(7)
0.127(5)

0.729(1)
1.372(6)
0.458(4)
0.003(1)
0.012(1)
0.005(1)
0.406(6)
0.003(1)
0.006(1)
0.005(1)
0.271(1)
0.135(4)

0.744(5)
1.547(4)
0.416(4)
0.002(1)
0.005(1)
0.004(1)
0.273(6)
0.001(1)
0.007(1)
0.003(1)
0.251(6)
0.021(1)

0.758(3)
1.584(5)
0.348(2)
0.001(1)
0.003(2)
0.004(1)
0.291(3)
0.002(1)
0.007(1)
0.002(1)
0.233(4)
0.058(4)

0.799(5)
1.755(4)
0.201(3)
0.001(1)
0.003(1)
0.003(1)
0.227(2)
0.002(1)
0.008(1)
0.002(1)
0.192(5)
0.036(5)

0.643(5)
1.621(4)
0.234(3)
0.003(1)
0.022(1)
0.005(1)
0.459(5)
0.002(2)
0.006(1)
0.004(1)
0.367(4)
0.092(6)

0.650(3)
1.630(5)
0.227(2)
0.003(1)
0.020(1)
0.005(1)
0.452(6)
0.003(1)
0.006(1)
0.004(1)
0.359(3)
0.093(6)

0.632(9)
1.794(9)
0.083(3)
0.003(1)
0.009(1)
0.004(1)
0.469(3)
0.004(1)
0.004(1)
0.369(8)
0.100(6)

0.674(5)
1.821(6)
0.073(1)
0.001(1)
0.009(1)
0.004(1)
0.406(4)
0.003(1)
0.006(1)
0.003(1)
0.324(4)
0.081(4)

Cations on basis of 4 oxygens
Mg 0.725(12)
Al 1.096(8)
Cr 0.828(2)
Si 0.002(1)
Ti 0.003(1)
Mn 0.006(1)
Fe 0.331(9)
Zn 0.002(1)
Ni 0.004(1)
V 0.004(1)
Fe2+ 0.267(12)
Fe3+ 0.064(7)

0.741(4)
1.071(7)
0.817(4)
0.002(1)
0.007(1)
0.008(1)
0.343(1)
0.002(2)
0.007(1)
0.004(1)
0.251(5)
0.091(6)

* Some of the analyzed spots are under the detection limit.

0.648(3) 0.689(8)
1.798(6) 1.860(4)
0.068(2) 0.037(1)
0.002(1) 0.001(2)
0.011(1) 0.008(1)
0.004(1) 0.003(1)
0.459(3) 0.391(6)
0.002(2) 0.003(1)
0.006(1) 0.006(1)
0.003(1) 0.003(1)
0.353(3) 0.309(10)
0.106(6) 0.082(6)
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Table 4. Cation distribution, inversion parameter, and closure temperature (Tc).

SC 16

SC Gem

SC 3

SC 5

SC 15

Mg.651Fe2+.243Fe3+.029Al.067Mn.006

Mg.660Fe2+.222 Fe3+.045 Al.062 Mn.008

Mg.627Fe2+.236Fe3+.034Al.094Mn.006

Mg.591Fe2+.262Fe3+.069Al.068Mn.006

Mg.636Fe2+.218Fe3+.043Al.091Mn.005

Sample

Occ T

Occ M

Si.002Zn.002
2+
.011

Al.517Fe

3+
.017

Fe

Cr.413Mg.035

Si.002Zn.002
Al.517Fe

2+

3+
.023

Fe

.014

Cr.397Mg.041

Si.001Zn.003
Al.608Fe

2+
.001

Fe

3+

.011

Cr.311Mg.063

Si.002 Zn.003
2+
.022

Al.588Fe

Fe

3+
.029

Cr.292Mg.053

Si.003Zn.003
2+
.023

Al.653Fe

Fe3+.045Cr.219Mg.049

V.002Ni.002Ti.002

V.002Ni.003Ti.003

V.002Ni.003Ti.002

V.003Ni.004Ti.009

V.003Ni.003Ti.006

F(Xi)

0.24

0.91

0.91

0.72

1.12

ΔmanT (calc-obs)

0.1

0.3

0.2

0.2

0.0

ΔmanM (calc-obs)

0.0

-0.3

-0.3

-0.2

-0.2

i

0.095

0.108

0.127

0.143

0.139

Tc (°C)

837

802

842

786

776
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SC 10

SC 8

SC 2

SC 19

SC 19-2

Mg.638Fe2+.233Fe3+.009Al.113Mn.004

Mg.632Fe2+.214Fe3+.003Al.144Mn.004

Mg.656Fe2+.173 Fe3+.013 Al.152

Mg.507Fe2+.321Fe3+.029Al.132Mn.005

Mg.502Fe2+.299Fe3+.067Al.122Mn.005

Si.002 Zn.001

Si.001Zn.002

Mn.003Si.001 Zn.002

Si.003 Zn.002

Si.003Zn.003

Al.718Fe2+.009Fe3+.006Cr.208Mg.051

Al.721Fe2+.009Fe3+.028Cr.174Mg.062

Al.803Fe2+.009Fe3+.011Cr.100

Al.746Fe2+.022Fe3+.032Cr.117Mg.068

Al.754Fe2+.030Fe3+.014Cr.114Mg.074

V.001Ni.004Ti.002

V.001 Ni.004Ti.002

Mg.069V.001Ni.004Ti.001

V.002Ni.003Ti.011

V.002Ni.003Ti.010

F(Xi)

0.39

0.12

0.26

0.10

0.16

ΔmanT (calc-obs)

0.3

0.1

0.2

0.0

-0.1

ΔmanM (calc-obs)

-0.2

0.0

-0.1

-0.1

0.1

i

0.121

0.144

0.161

0.170

0.198

Tc (°C)

776

870

772

885

844

Sample

Occ T

Occ M
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SC 1

SC 11

SC 20

SC 14

Mg.498Fe2+.296Fe3+.081Al.114Mn.004

Mg.540Fe2+.238Fe3+.045Al.169Mn.004

Mg.534Fe2+.276Fe3+.028Al.155Mn.004

Mg.566Fe2+.217Fe3+.065Al.146Mn.003

Si.003Zn.004

Si.001Zn.003

Si.002Zn.002

Si.001 Zn.003

Al.840Fe2+.036Fe3+.010Cr.041Mg.066

Al.827Fe2+.042Fe3+.018Cr.036Mg.067

Al.823Fe2+.039Fe3+.039Cr.034Mg.056

Al.858Fe2+.045Fe3+.009Cr.018Mg.062

Ni.002Ti.004

V.001Ni.003Ti.005

V.001Ni.003Ti.005

V.001Ni.003Ti.004

F(Xi)

0.11

0.18

0.44

0.04

ΔmanT (calc-obs)

-0.2

-0.1

-0.4

-0.1

ΔmanM (calc-obs)

0.1

-0.3

0.2

0.0

i

0.200

0.215

0.186

0.212

Tc (°C)

734

867

845

757

Sample

Occ T

Occ M
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Table 5. Oxygen coordinates, inversion parameters, Cr content, and calculated closure temperatures of samples from various
environments such as metamorphic, subvolcanic and volcanic.

Balmuccia

Olkhon

SC (I)

SC (II)

Predazzo

Ethiopia

NE Brazil

Alban Hills

u

0.2635-0.2638

0.2633-0.2635

0.2627-0.2632

0.2627-0.2630

0.2627-0.2630

0.2626-0.2628

0.2624-0.2626

0.2616-0.2624

i

0.06 – 0.09

0.11 – 0.13

0.10 – 0.16

0.17 – 0.22

0.09 – 0.18

0.07 – 0.15

0.09 – 0.17

0.21 – 0.28

Cr (apfu)

0.02 – 0.22

0.02 – 0.23

0.20 – 0.83

0.04 – 0.23

0.21 – 0.81

0.42 – 0.93

0.20 – 0.89

–

Tc (°C)

436 (34)

476 (15)

808 (37)

822 (62)

769 (28)

800 (41)

808 (30)

625 - 863

References: Balmuccia: Basso et al. (1984) and Princivalle et al. (1989); Olkhon: Lavina et al. (2003); SC: Present study; Predazzo: Carraro (2003);
Ethiopia and NE Brazil: Princivalle et al. (1989); Alban Hills: Lucchesi et al. (1998)
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APPENDIX D:

CRYSTAL CHEMISTRY OF CLINOPYROXENE IN THE TWO TYPES OF
MANTLE XENOLITHS FROM SAN CARLOS VOLCANIC FIELD, AZ
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Crystal chemistry of clinopyroxenes in the two types of mantle xenoliths from
San Carlos Volcanic Field, AZ

Hinako Uchida and Robert T. Downs
Department of Geosciences, University of Arizona, Tucson, Arizona, 85721-0077

Abstract
Crystal chemistry of clinopyroxenes in the two types of upper-mantle
xenoliths from San Carlos Volcanic Field (SCVF) was investigated. Six crystals from
Group I xenoliths and 3 crystals from Group II were examined with single-crystal Xray diffraction and electron microprobe analyses. San Carlos clinopyroxenes (C2/c)
belong to the diopside (CaMgSi2O6) – hedenbergite (CaFe2+Si2O6) – jadeite
(NaAlSi2O6) – aegirine (NaFe3+Si2O6) system with a minor amount of Fe3+. The M2
site is predominantly occupied by Ca and Na and small amounts of Mg and Fe2+ are
partitioned in the M2' split site. Counter-intuitively, packing of oxygen atoms,
indicated by Ucp (Thompson and Downs 2001), becomes more distorted with a unitcell volume decrease, i.e., higher Jd component (VJa = 401 Å3, VDi = 438 Å3, VHd =
451 Å3). This results from the larger differences in the sizes of the M1 and M2
polyhedra due to the higher content of small Al and large Na. Increased pressure and
substitution of smaller cations (reduction of volume), therefore, have an opposing
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effect on Ucp in case of clinopyroxene, which suggests that closest-packing
arrangement is not an important parameter when elemental substitutions in
clinopyroxene is considered. Clinopyroxene of a fixed composition exhibits a more
closest-packed structure and smaller unit-cell when pressure is applied. This is
different from the case of most olivines, where increasing pressure and substitution of
smaller cations both enhance closest-packing. Examination of natural diopside in
upper-mantle xenoliths and the clinopyroxenes from eclogitic xenoliths show a very
good correlation between Ucp and Ca content (R2 = 0.91).
Crystallization pressures of the examined clinopyroxenes were determined
using the method in Nimis (1995) to range from 1.27 to 1.70 GPa for Group I and
from 1.07 to 1.32 GPa for Group II. Using the geothermobarometer established by
Brey and Köhler (1990) and Köhler and Brey (1990), we also determined
equilibration temperatures and pressures for the same set of samples. In addition, we
reexamined the previously published San Carlos data of Frey and Prinz (1978) and
Galer and O’Nions (1989). Group I samples appear to represent mantle peridotites
that originated from a larger pressure range compared to the Group II xenoliths.
Estimated equilibration temperatures range from ~1000 - ~1140 ºC for SC xenoliths,
which is consistent with the geotherm for the Basin and Range Province (Mercier
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1980). Reported data of clinopyroxenes enclosed in mantle xenoliths from other
localities were also examined. A common feature seen in mantle-xenolith suites is
that each suite displays a variety of chemical composition and represents a wide
pressure range. This might indicate that the host lava extracts rocks along the way
during eruption and that these xenoliths reflect the vertical chemical heterogeneity.

Introduction
The nine upper-mantle clinopyroxenes were investigated using single-crystal
X-ray diffraction and microprobe analysis. We have looked at three major phases
included in the xenoliths from San Carlos Volcanic Field, (SCVF), AZ: spinel (Uchida
et al. 2005); olivine (Uchida et al, in preparation); and clinopyroxenes (this study).
This paper consists of two parts. First, temperature and pressure conditions of uppermantle xenoliths are investigated using geobarometers by Nimis (1995) and Köhler
and Brey (1990) and geothermometers by Brey and Köhler (1990) and WittEickschen and Seck (1991). Second, the crystal chemical characteristics of uppermantle-derived clinopyroxenes, including packing of oxygen atoms, are examined as
a function of composition, followed by a discussion on phase relations from a crystalstructural point of view.
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Pyroxene is an important mineralogical phase since it is one of the most
abundant minerals in the Earth’s upper mantle. Knowledge of structural behaviors
under high pressure and temperature, and with varying composition of this mineral,
therefore, is important (Yang and Prewitt 2000). In nature, pyroxene commonly
exhibits several symmetries: P21/c, C2/c, Pbcn and Pbca, and although rare, P2/n
(Cameron and Papike 1981). Upper mantle pyroxenes found in SCVF display C2/c
(diopside) and Pbca (enstatite) space group symmetries. In this paper we focus on the
crystal chemistry of C2/c pyroxenes, especially those on the jadeite (Jd, NaAlSi2O6) –
diopside (Di, CaMgSi2O6) – hedenbergite (Hd, CaFe2+Si2O6) – aegirine (Ae,
NaFe3+Si2O6) join with dominant chemistry of CaMgSi2O6.

Previous studies in the literature:
There are numerous studies on the structural aspects of C2/c pyroxenes as a
function of composition along solid solution series that include the minerals Di, Hd,
Jd, and Ae: Hd-Jd join (Nestola et al. 2007); Jd–Di join (Oberti and Caporuscio
1991); Hd–Ae join (Nestola et al. 2007); Ae–Hd join (Redhammer et al. 2006); Di-Hd
join (Liang and Hawthorne 1994). Cameron et al. (1973) conducted a study of the
crystal chemistry of C2/c pyroxenes at a series of temperature, including aegirine,
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diopside, hedenbergite, spodumene (LiAlSi2O6), and kosmochlor (NaCrSi2O6).
Pressure studies were conducted on diopside (Levien and Prewitt 1981; Thompson
and Downs 2008), hedenbergite (Zhang et al. 1997), kosmochlor NaCrSi2O6
(Origlieri et al, 2003), and jadeite (McCarthy et al. 2008). Thompson and Downs
(2008) concluded that there are three main mechanisms for compression of diopside
to 10 GPa: isotropic scaling, kinking of the tetrahedral chains, and collapse of the M1
chain toward its geometric axis. Downs (2003) stated that the only variation in
bonding topology of the pyroxenes is in M2-O3 bonds. McCarthy et al. (2008)
explained compressibility of C2/c and P21/C clinopyroxenes in terms of geometrical
relations between M2-O3 bonds and SiO4 rotations with increasing pressure. Origlieri
et al. (2003) explored variations in the unit strain ellipsoid between kosmochlor,
diopside, hedenbergite, spodumene, LiScSi2O6, clinoenstatite and orthoenstatite, and
Mg1.54Li0.23Sc0.23Si2O6.
Crystal chemistry of C2/c clinopyroxene of various compositions has been
reported by many researchers (c.f., Dal Negro et al. 1989; Crarro and Salviulo 1998;
Princivalle et al. 2000a and 2000b; Nédli et al. 2008). For example, Dal Negro et al.
(1984) studied clinopyroxenes from a suite of ultramafic xenoliths of high pressure
origin from the Newer Volcanics of Victoria, Australia. They explored volumes of T
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and M polyhedra (VT and VM, respectively) with relation to their compositions in
order to understand the crystal chemical response of this mineral to increasing
temperature and pressure. Dal Negro et al. (1984) reported that variation in VM1 is
controlled by ions whose effective ionic radii (R.I.) are smaller than that of Mg (I.R. =
0.72 Å), such as Fe3+ (I.R. = 0.64), Cr (I.R. = 0.61), Ti (I.R. = 0.60), and AlVI (I.R. =
0.53 Å), by a drastic reduction of the M1-O2 bond length. Moreover, these small ions
produce strong angular distortion of the polyhedron, σ2, as defined by Robinson et al.
(1971). Secco et al. (2002) studied Cr3+- and V3+- rich clinopyroxenes belonging to
NaVSi2O6 (natalyite) – NaCrSi2O6 (kosmochlor) –CaMgSi2O6 (diopside) from
Sludyanka Crystalline Complex in Russia. They showed that VM1 is well correlated
with the averaged ionic radius of the cations in the site. On the other hand, VM2 is
related not only to the occupancy of the site but also to that of the M1 site, and VT is
influenced by trivalent cations, R3+, in M1. Oberti and Caporuscio (1991) examined
clinopyroxenes from mantle eclogites, some of which contain vacancies at M2. They
showed that high (Fe2+ + Mg) occupancy (up to 0.19 apfu) at M2, not the presence of
vacancies, significantly affects the M2 volume reduction. The incorporation of highlycharged cations (R3+, R4+) in the M1 site to accommodate the vacancies in those
samples leads to the contraction of M1, which results in reduction of the overall unit-
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cell volume. Thompson and Downs (2005) showed that unit-cell volume is a function
of the size of M1. Nestola et al. (2007) demonstrated a linear correlation between Vcell
(and VM1) and Na content in stoichiometric (i.e., vacancy-free) C2/c pyroxenes. Using
single-crystal X-ray diffraction at ambient condition, Secco et al. (2007) examined 5
natural (1 metamorphic and 4 magmatic) and 2 end-member samples synthesized at
elevated temperatures. They report almost constant polyhedral volumes in all the
samples due to limited chemical variation, but different a, β, and Vcell which are
associated with polyhedral distortions. They concluded that the observed difference in
Vcell of their samples is attributed to the difference in temperature of formation, i.e.,
the higher temperature of formation results in the larger Vcell, and that an increased
pressure of formation leads to a contraction of Vcell.

Geothermobarometry for mantle xenoliths:
There are several thermometers that are based on the temperature-dependent
elemental exchange reactions between coexisting minerals, some of which are
applicable to spinel-bearing mantle rocks. For example, Fe2+-Mg fractionation
between orthopyroxene and spinel can be a very useful geothermometer with
applications to many terrestrial ultramafic terrains and meteorites (c.f., Liermann and
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Ganguly 2003). Liermann and Ganguly (2003) undertook a systematic experimental
study to determine KD(Fe-Mg), (Fe2+/Mg)sp/(Fe2+/Mg)opx, as a function of temperature
and composition between spinel and orthopyroxene in the Cr-free and Cr-bearing
systems. Another Fe2+-Mg exchange reaction that is useful for thermometry for spinel
peridotite is between orthopyroxene and clinopyroxene as demonstrated by Brey and
Köhler (1990), in which references and evaluation of several other thermometers are
given. Sack and Ghiorso (1991) developed a thermometer based on the Mg-Fe
exchange between olivine and spinel. Recently, Wan et al. (2008) calibrated Al
partitioning between olivine and spinel. This thermometer is considered to be more
reliable compared to the Mg-Fe exchange geothermometer; in the latter relatively
rapid Mg-Fe interdiffusion in both olivine and spinel (Liermann and Ganguly 2002;
Dohmen and Chakraborty 2007) might lead to a large uncertainties. Furthermore,
experimentally calibrated interdiffusion data in both olivine and spinel are
controversial (Liermann and Ganguly 2002). Wan et al. (2008) have shown that the
partition of Al2O3 between olivine and spinel is strongly temperature dependent, and
is also a function of Cr/(Cr + Al) in spinel. One disadvantage of this thermometer is
that many natural samples have such low Al2O3 content that EMP cannot determine
precise concentration. However, they have shown that their method yields
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temperatures in good agreement with those from the two-pyroxene thermometer of
Brey and Köhler (1990). Sachtleben and Seck (1981) have established thermometry
based on Al solubility in orthopyroxene, coexisting with olivine and spinel, with a
correction for the presence of Cr in spinel. Witt-Eickschena and Seck (1991)
improved the version of Sachtleben and Seck (1981) and further proposed a singlepyroxene thermometer based on Cr and M1Al in orthopyroxene.
Most conventional barometers are based on elemental exchange of coexisting
minerals. All such barometers involve garnet except for the barometer by Köhler and
Brey (1990), which is based on the Ca exchange between olivine and clinopyroxene.
Alternatively, Nimis (1995) and Nimis and Ulmer (1998) formulated an empirical
geobarometer based on the relationship of cell volume (Vcell) vs. M1-polyhedral
volume (VM1), utilizing the fact that the crystal structure of C2/c clinopyroxene is
notably sensitive to pressure of formation (Dal Negro et al. 1989). They expressed
crystallization pressure (P) as a linear function of Vcell and VM1, and it is applicable to
clinopyroxene with (Ca+Na) > 0.5 and Mg/(Mg+Fe2+) > 0.7 per formula unit, and
over a pressure range from 0 to 2.4 GPa.
In this study, we utilized the Nimis barometer on our clinopyroxene samples
along with the ones from mantle nodules reported in the literature, and discuss the
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crystal chemistry of those samples. Equilibration temperatures of our samples were
determined using Köhler and Brey (1990) based on the pressure estimates determined
using Nimis (1995) and Brey and Köhler (1990).

Closest-packing:
Some minerals display their distribution of anions in a distorted closest-packed
configuration. To quantify the distortion from closest-packing of anion atoms,
Thompson and Downs (2001) derived the parameter, Ucp, the isotropic mean-square
displacement of anions from their equivalent ideally closest-packed positions. A large
Ucp value indicates a more distorted structure than the perfectly closest packed
structure where Ucp = 0. Uchida et al. (in prep) examined Ucp and changes in anionanion distances of olivine as a function of pressure, temperature, chemistry, and
ordering of cations between the M1-M2 sites. The packing becomes progressively
distorted with rising temperature for olivines. The pressure effect on Ucp is very small
for the examined samples. At ambient conditions, Ucp is directly related to
composition; as larger cations (Ni < Mg < Fe2+ < Mn < Ca) enter the octahedral site,
more packing distortion takes place due to the greater mismatch between the
octahedra and the rigid tetrahedra. They also show that three polyhedral distortions,
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expressed in intrapolyhedral bond-angle variances, σ2T, σ2M1, and σ2M2 (Robinson et al.
1971), and Ucp are linearly correlated for common silicate olivines. Thompson and
Downs (2001) pointed out that the distortion parameter appears to be correlated with
the pressure stability field for the M1M2SiO4 polymorphs; the Ucp values of
ferromagnesian olivine, wadsleyite and, silicate spinel decrease in this order. For C2/c
pyroxenes, they noted that ones with eight-coordinated M2 sites rapidly become more
packed with an increasing pressure and less packed with an increasing temperature. In
their high-pressure study of kosmochlor, Origlieri et al. (2003) correlated the axes of
the strain ellipsoids in many pyroxenes with the stacking directions of closest-packed
anion monolayers. Thompson and Downs (2004) noted that, although the Ucp of
pyroxene is greater than that of olivine by a factor of three or more, the M1 and T
polyhedra in pyroxene are significantly less distorted than the polyhedra in olivine.
Thus, they concluded that the packing distortion of pyroxene comes from distortion of
the M2, not from the M1 or T polyhedra. Thompson and Downs (2008) also showed
that the M1 octahedron in diopside stays very regular under pressure.
In this paper, packing distortion (Ucp) of natural and synthetic clinopyroxenes
as a function of composition is examined using the formulation developed by
Thompson and Downs (2001).
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Experimental
Crystals were selected from the same set of xenoliths used in our previous
study (Uchida et al. 2005) and were examined with electron microprobe analyses and
single-crystal X-ray diffraction. X-ray data were collected at room temperature on a
Bruker X8 APEX single-crystal diffractometer, using MoKα radiation and a graphite
monochromator, equipped with a 4K×4K CCD area detector. Absorption, Lorentz,
and polarization corrections were performed. Refinements were carried out with
SHELXL-97 (Sheldrick, 1997) where fully ionized scattering curves were used.
During the refinements, site occupancies were constrained based on the chemical
analysis (Table 1); Mn, Na and Ca were constrained in M2, and Fe3+, MAl, Ti, and Cr
in M1. Site occupancies of Mg and Fe2+ in the M sites were refined with total
amounts of Mg and Fe2+ constrained to those from the microprobe analysis using
SUMP (Sheldrick, 1997). Other refined parameters were scale factor, secondary
extinction coefficient, atomic coordinates, and anisotropic displacement parameters.
For the split site, M2', the isotropic displacement parameter was refined. A summary
of the crystal and X-ray data is given in Table 2. The refined atomic coordinates and
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displacement parameters are reported in Table 3, and selected bond distances in Table
4.
After the X-ray data collection, the crystals were analyzed on a Cameca SX50
electron microprobe, using an acceleration voltage of 15 kV, a beam current of 20 nA,
beam diameter of 2 μm, and 20 s counting times. Standards used were diopside (Si
and Ca), Fo90 (Mg), anorthite (Al), rhodonite (Mn), fayalite (Fe), and nickel (Ni).
Ten points were analyzed in each crystal and the averaged values are reported in
Table 1.

Results and Discussion
Temperature-pressure history of SC xenoliths
We are interested in equilibration temperatures and pressures (depths) of the
two types of xenoliths because they can provide useful information on the thermal
state of mantle and locations of magma reservoirs at the depths from which these
xenoliths derived. Group I xenoliths contain olivine, orthopyroxene, clinopyroxene
and spinel, while Group II contain clinopyroxene, olivine, orthopyroxene, spinel,
kaersutite, and plagioclase. Neither Group I nor II contains garnet, which sets an
upper limit of approximately 2.5 GPa in equilibration pressure estimate for the source
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of both xenoliths types. The absence of plagioclase establishes a lower limit of
approximately 0.9 GPa for Group I xenoliths. We utilized structural parameters of
clinopyroxene, which are known to be very sensitive to pressure and temperature of
equilibration (c.f., Dal Negro et al. 1984). We applied the geobarometer, established
by Nimis and Ulmer (1998), which uses the relationship between Vcell and VM1 (Table
5 and Figure 1). The volumes, Vcell and VM1, were obtained from Tables 2 and 4. The
observed Vcell and VM1 yielded the equilibration pressures for Group I ranging from
1.27 to 1.70 GPa (the average of 1.48(19) GPa) and II ranging from 1.07 to 1.32 GPa.
Estimated pressures using the geothermometer of Nimis (1995) correspond to depths
between 42 and 56 km for Group I and between 35 and 44 km for Group II within the
lithospheric mantle. The same author also proposed the formulation to determine
crystallization pressures from Vcell and VM1 that are calculated using the observed
chemistry. While the observed VM1 values were in good agreement with the calculated
ones, the observed Vcell values were approximately 0.5 % lower than the calculated
values, which would yield 0.76 to 1.38 GPa for Group I and 0.89 to 0.96 GPa for
Group II. These estimates are much lower than the pressure estimates which we have
determined using Ca-exchange reaction between olivine and clinopyroxene (Köhler
and Brey 1990) for our samples as well as other SC samples (see below). We applied

160
the two-pyroxene geothermometer developed by Brey and Köhler (1990) (B&K) and
the geobarometer based on Ca exchange between olivine and clinopyroxene in Köhler
and Brey (1990) (K&B) to our samples. We designate their thermometer as B&K and
their barometer as K&B in this paper. Table 5 is a summary of SC samples in this
study and includes lithology, the estimated pressures using Nimis (1995) and K&B,
and the temperature estimates using B&K and Cr-Al-orthopyroxene (Witt-Eickschen
and Seck 1991). The averages of pressure determined by these 2 methods are quite
similar, ~1.4 GPa, but the difference in individual samples is as large as 0.6 GPa
(SC2). While Nimis method using observed volumes in X-ray analysis seems robust,
pressure determined by B&K method is very sensitive to chemistry. For example, a
decrease in Ca content by 0.0003 apfu in the olivine sample in SCGem results in 0.53
GPa increase in equilibration pressure, while the error on EMP analysis is often on the
3rd decimal place.
Temperatures calculated using B&K range from 1022 to 1144 ºC with K&B
pressures (average of 1073 ºC, 4th column in Table 5) and from 1023 to 1104 ºC
(average of 1055 ºC, 3rd column in Table 5) with Nimis pressures, the former yielding
slightly higher temperature. The largest temperature difference yielded from the
Nimis’ pressure and K&B pressure was 69 ºC for SCgem. We also calculated
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temperature and pressure for the samples from Galer and O’Nions (1989) (G&O) and
Frey and Prinz (1978) (F&P) using the B&K and K&B methods. These results are
shown in Figure 2, where calculated P and T for SC samples in this study, F&P, and
G&O are plotted along with the geotherm. The solid line indicates the geotherm and
dotted lines are the limits determined by xenoliths found in Cenozoic basalts in the
Basin and Range Province of the United States (Mercier 1980). Some samples yielded
unreasonably low or high pressure estimates for a given temperature with the B&K
method, and are eliminated based on Fig.12 of Mercier (1980). The average
equilibration pressure (2.0 GPa) of the samples in Galer and O’Nions (1989) is higher
than that of our samples. Group I samples show a wide range of P-T conditions. The P
and T determined using a combination of Nimis and K&B (squares in Figure 2) plot
nicely within the dotted lines, which contrast with the T and P estimates using a
combination of K&B and B&K methods (circles). Four samples from Group II
xenoliths, including one from Frey and Prinz (1978), yielded reasonable, similar
pressure with an average of 1.24 GPa. The Group II samples that we studied show
similar P-T conditions as those of Group I samples, and correspond to high-pressure
cumulates in Frey and Prinz (1978). This probably indicates the presence of more than
one localized pockets of heterogeneity under the SCVF region since Frey and Prinz
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(1978) suggested the presence of low-pressure cumulates. The pressures of the
samples plotted in Figure 2 correspond to the depths between 34 and 72 km for Group
I and between 35 and 47 km for Group II. For comparison, we calculated temperature
using the Cr-Al-orthopyroxene thermometer by Witt-Eickschen (1991). All the
samples but one (SC8) fit in the compositional range applicable for the thermometer
and the estimated temperatures are much lower than those by B&K, ranging from 926
to 1082 ºC with an average of 1013 ºC (Table 5). Galer and O’Nions (1989) report the
temperature estimates using the pyroxene-solvus thermometer by Wells (1981), which
gives an average temperatures of 1022(34) ºC for their samples. Figure 1 shows that
most of the suites examined here represent a wide range of pressure conditions, and
also that the SC Group I samples are one of the suites having originated at the highest
pressure regime among the spinel peridotites examined in Figure 1.

Crystal chemistry of natural clinopyroxene from mantle peridotite
Structural responses of magmatic clinopyroxenes as a function of composition
are discussed in detail by Dal Negro et al. (1984 and 1989). There is enough reported
crystal chemical data from natural clinopyroxene from spinel-peridotite mantle
xenoliths for us to examine the structural variations with chemistry and the
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relationships among geometrical parameters of these clinopyroxenes. On one hand,
the size of the M1 site is simply controlled by the size of cations occupying the site
(Fig. 3a). Defining VM2, on the other hand, is more complex since the compositions of
many natural clinopyroxene lie within Jd – Di – Hd endmembers, where the M2 site
in Jd is 6-coordinated as opposed to 8-coordination in Di and Hd. For most of the
upper-mantle diopside examined here (references in the figure captions), the Jd
component is small, therefore, VM2 is determined assuming 8-coordination. Among
the upper-mantle clinopyroxenes VM2 shows a positive correlation with Ca +Na
content (Figure 3b), and with the average radius of cations at M2 because the M2 site
is mainly occupied by these large cations. Both VM1 and VM2 are correlated positively
with Vcell but VM1 shows much better correlation (R2 = 0.72) than VM2 (R2=0.42) for
the examined samples. Data points for synthetic diopside and hedenbergite (Nestola et
al. 2007 and Cameron et al. 1973; shown as crosses) are also added to show the effect
of the M1 site (Mg vs. Fe2+) on VM2. Understanding what parameters affect VM2 is
more complex; one of the parameters is the flexible tetrahedral chain, which is
affected by both M1 and T sites.
As addressed by Nimis (1995), Vcell and VM1 have a very good positive
correlation and have been shown to be sensitive to pressure. It is notable in Figure 1

164
that the data of the samples from a suite of the same petrological environment span a
well defined, narrow linear range in the Vcell-VM1 plot (each suite circled in Fig. 1)
according to the varying chemistry, and the long axes of ellipses running
approximately parallel to one another with an average slope of 11.16 (1 σ = 1.97). In
Figure 1, the samples that have experienced different petrological history, even though
they are geographically from the same area, are defined by different ellipses. For
example, data of porphyroclastic mantle nodules from NE Brazil plot in a quite
different region of this figure, showing some offset in Vcell, from data of protogranular
peridotites. Likewise, the data of San Carlos Group II samples plot in a different
region from those of the Group I. Especially, the large vertical displacement of one
Group II sample (SC11) might suggest a different origin of this sample. As opposed to
data for spinel peridotite nodules, data for the clinopyroxenes enclosed in the calcalkaline volcanic rocks (Nazzarreni et al. 1998) and ones in alkaline to tholeiitic
basalts (Dal Negro et al. 1989, not shown in Fig. 1) show wider spread in the plot,
reflecting the different phases during volcanic evolution. Another feature seen in this
plot is that each suite displays a variety of chemical compositions and represents a
wide pressure range. This might indicate that the host lava extracts rocks along the
path and these xenoliths reflect the vertical chemical heterogeneity.
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We examined the datasets to find the parameters that cause the vertical spread
in Figure 1. In Figure 4, Vcell of the samples that have VM1 = ~ 11.4, ~11.5, and ~
11.66 Å3 are plotted against (a) VT, which has a good positive correlation with AlIV in
each suite, and (b) VM2. The values of VT and VM2 clearly show an increase as Vcell
increases with a given VM1, with much greater influence of the M2 site. There is a
large displacement of one sample in both figures which belongs to NE Brazil suite
(Princivalle et al. 1994). Crystal chemistry of their porphyroclastic samples seem to
be different from the other examined samples due to their low Ca + Na content (~
0.75 apfu), leading to a much smaller M2 site.

Closest-packing distortion of oxygen atoms in clinopyroxene of various compositions
In order to understand the effect of elemental substitution on the structure, we
examined closest-packing distortion of oxygen framework in natural and synthetic
C2/c clinopyroxenes. The calculated Ucp for San Carlos clinopyroxene in this study
are listed in Table 2. In Figure 5, the Ucp is plotted against unit-cell volume for
diopside from upper-mantle peridotites (filled diamonds) and vacancy-free
clinopyroxenes from eclogite xenoliths from South Africa (open squares) (references
in the figure caption). End-members, jadeite, aegirine, hedenbergite, and diopside, are
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indicated in this figure. Changes in Ucp and Vcell of synthetic diopside samples are
shown as a fuction of increasing temperature (crosses) and increasing pressure (stars)
(Thompson and Downs 2008 and Cameron et al. 1973, respectively). Both Ucp and
Vcell decrease with pressure and they increase with temperature. Unexpectedly, a
volume reduction due to substitution of smaller cations is associated with the greater
Ucp. Minor, but significant effect of the geometry of the M1 site on Ucp is shown by
comparing diopside with hedenbergite; substitution of the larger Fe2+ for the smaller
Mg in clinopyroxenes lowers distortion. The substitution of Cr for Al in NaX3+Si2O6
(Kosmochlor vs. Jd) makes the structure slightly less distorted while substitution of
Fe3+ and Al in NaX3+Si2O6 (Ae vs. Jd) results in the similar Ucp. As smaller cations
enter the structure by means of a coupled substitution of (Ca2+ + Y2+) for (Na1+ + X3+)
along the Hd-Ae join and the Hd-Di-Jd join, the value of Ucp becomes larger. These
observations show that, in the case of C2/c clinopyroxene, the mechanisms for
reduction of cell volume by pressure and by elemental substitution are different; the
former leads to a more closed-packed configuration and the latter to a more distorted
one. This is different from the case of olivine, where substitution of smaller cations
has a similar effect on Ucp and Vcell as increasing pressure; both reduce Ucp as well as
Vcell.
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Figure 6 shows a correlation between Ucp and corresponding pressures
estimated using Nimis’ method for natural samples. C2/c pyroxenes with smaller
volumes, such as Na-rich omphacite and jadeite, are found in high-pressure regimes.
Counterintuitively, the higher pressure is associated with a more distorted, less
efficiently packed structure.
In Figure 7, peridotitic clinopyroxene and eclogite clinopyroxene are plotted
as filled diamonds and open squares, respectively, and the synthetic Jd-Di join is
shown as a dotted line. Even for peridotitic samples where minor elements may
substitute substantially to cause significant variation in other structural parameters
such as Vcell and VM1 (see Fig. 1), the amount of Ca, rather than Ca+Na (R2 = 0.68),
seems to predominantly control the packing distortion (R2 = 0.93). The data points of
the eclogite clinopyroxenes follow close to the end-member join (R2 = 0.99).
Thompson and Downs (2004) pointed out that packing distortion results mainly from
distortion of the M2 polyhedron. The addition of calcium causes more packing
distortion in the olivine structure whereas a coupled substitution of (Ca + Mg) for (Na
+ Al) would be preferred in clinopyroxene under pressure from the closest-packing
point of view. As the amount of Ca decreases, the data points for the peridotitic
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diopside progressively deviate from the Jd-Di join towards the Jd-Hd join (lower Ucp).
The deviation becomes larger as more Fe2+ enters the structure. The trend line for
peridotitic clinopyroxene shows the relationship between Ucp and Ca as follows: Ucp =
-0.2257*Ca+0.7857 and the Ucp is 0.560 when Ca = 1.0.
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Figure 1. VM1 (Å3) vs. Vcell (Å3). Estimated pressure regimes for SC samples. The
figure is modified from Nimis 1995. Black filled circles are for the Group I samples
and open circles are for the Group II in this study. Domains of data of clinopyroxene
in xenoliths from other localities in the literature are marked as ellipses. The data
include samples from Victoria, Australia, Mt. Leura and Mt. Porndon (Dal Negro et al.
1984), Rio Grande do Norte, Brazil (Princivalle et al. 1994), Predazzo Igneous
Complex, Italy (Carraro and Salviulo 1998 and Carraro 2008), Lake Nji, Cameroon
(Princivalle et al. 2000a), and Nemby, Paraguay (Princivalle et al. 2000b). Data
(bounded with the dotted line) of clinopyroxenes in calc-alkaline volcanic rocks from
the island of Aeolian Arc are also added for comparison (Nazzareni et al. 1998).
Fields for spinel-garnet peridotite and spinel-plagioclase peridotite are shown (Nimis
1995).
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Figure 2. Estimated pressure and temperature for the SC samples (see also Table 5).
Filled circles: P and T determined using K&B and B&K for the Group I samples in
this study. Squares: P and T determined using Nimis and K&B for the Group I (in
filled symbols) and Group II (in open symbols) samples in this study. Filled triangles:
P and T determined using K&B and B&K for the samples in G&O and F&P. Open
triangle: Type II xenolith from F&P. Solid line indicates the geotherm shown in
Mercier (1980) and dotted lines are the limits determined by xenoliths found in
Cenozoic basalts in Basin and Range Province of the United States.
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Figure 3. (a)VM1 (Å3) vs. cation radius (Å) at the M1 site (b) VM2 (Å3) vs. Ca+Na
content (apfu). Data points for synthetic diopside and hedenbergite in triangles
(Nestola et al. 2007 and Cameron et al. 1973, respectively) are also plotted to show
the effect of the M1 site (Mg ↔ Fe2+) on VM2. Data are from this study, Dal Negro et
al. (1984 and 1989), Princivalle et al. (1994, 2000a, 2000b), Comodi et al. (1995),
Carraro and Salviulo (1998), Nazzareni et al. (1998), Nédli et al. (2008), and Carraro
(2008).

(a)
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(b)
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Figure 4. (a) Vcell (Å3) vs. VT (Å3) and (b) Vcell (Å3) vs. VM2 (Å3). Circles represent the
samples having VM1 approximately at 11.4 Å3 in Figure 1. Squares and triangles
represent the samples with VM1 = ~ 11.5 Å3, and 11.66 Å3, respectively.

(a)
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(b)
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Figure 5. Ucp (Å2) vs. Vcell (Å3). Synthetic diopside: Thompson and Downs (2008) and
Cameron et al. (1973); Jadeite: McCarthy et al. (2008) and Nestola et al. (2007);
hedenbergite: Nestola et al. (2007) and Cameron et al. (1973); aegirine: Nestola et al.
(2007) and Redhammer et al. (2006). Kosmochlor: Origlieri et al. (2003); Mantle
diopside (filled diamonds): this study; Princivalle et al. (1994 & 2000b); Dal Negro et
al. (1989). Clinopyroxene from eclogite (open squares): Oberti and Caporuscio (1991).
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Figure 6. Correlation between Ucp (Å2) and equilibration pressure determined using
Nimis’ method for diopside from mantle-peridotite (filled diamonds) and
clinopyroxene from eclogite (open squares). References are in Figure 5.
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Figure 7. Ucp (Å2) as a function of Ca content (apfu). A dashed line present Jd-Di join
and the solid line is a trend line for natural-diopside data (R2 = 0.91). Data deviate
toward Jd-Hd join with an increase in Fe2+ content. References are the same as Figure
5.
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Table 1. Chemical composition of the selected San Carlos clinopyroxenes
Wt%

SC16

SCGem

SC3

*SC15

SC10

SC8

SC2

SC19

SC1

SC11

*SC20

*SC14

Na2O
SiO2
MgO
Al2O3
CaO
MnO
TiO2
FeO
Cr2O3

1.82(4)
53.22(26)
15.94(6)
4.59(4)
19.54(11)
0.10(2)
0.14(1)
2.55(6)
1.68(5)

2.23(5)
52.90(29)
15.75(5)
5.41(4)
17.90(8)
0.08(8)
0.28(2)
2.90(9)
2.08(8)

1.05(3)
52.20(32)
16.70(6)
4.44(5)
21.04(10)
0.09(3)
0.24(2)
2.47(9)
1.18(4)

0.93(1)
50.20(34)
14.94(11)
5.44(2)
22.81(4)
0.05(2)
0.85(2)
2.92(5)
0.93(8)

1.26(4)
51.46(27)
15.91(8)
5.87(8)
20.44(9)
0.10(2)
0.48(3)
2.82(8)
1.15(6)

0.91(2)
50.83(14)
16.01(11)
5.85(9)
20.66(11)
0.11(2)
0.41(3)
3.34(10)
1.00(6)

1.65(3)
51.91(43)
15.34(9)
7.04(7)
19.68(9)
0.10(2)
0.54(2)
2.84(5)
0.78(4)

1.25(1)
49.28(52)
14.18(7)
7.44(5)
19.62(3)
0.15(3)
1.86(2)
5.26(11)
0.51(4)

1.21(4)
49.00(28)
13.81(6)
7.57(4)
19.53(7)
0.19(2)
1.24(3)
6.39(12)
0.27(2)

1.04(3)
49.07(18)
13.91(5)
7.58(6)
20.40(12)
0.16(3)
1.62(3)
5.24(12)
0.28(3)

1.18(5)
48.55(18)
13.63(16)
7.96(13)
19.87((10)
0.16(1)
1.63(7)
6.09(9)
0.16(5)

0.91(10)
48.18(49)
13.74(25)
8.09(43)
20.82(48)
0.15(1)
1.84(20)
5.44(17)
0.10(3)

Total

99.58

99.53

99.41

99.09

99.50

99.13

99.87

99.54

99.21

99.30

99.22

99.27

Cation numbers based on 6 O
T site
Si
Al
M1 site
Mg
Fe2+
Fe3+
Al
Cr
Ti
M2 site
Ca
Na
Mn
M2' site
Mg
Fe2+

1.929
0.071

1.916
0.084

1.900
0.100

1.850
0.150

1.870
0.130

1.857
0.143

1.874
0.126

1.816
0.184

1.812
0.188

1.807
0.193

1.783
0.217

1.773
0.227

0.780
0.025
0.019
0.124
0.048
0.004

0.743
0.025
0.018
0.146
0.060
0.008

0.829
0.004
0.072
0.036
0.034
0.007

0.817
0.032
0.058
0.084
0.028
0.023

0.787
0.004
0.043
0.121
0.032
0.013

0.798
0.006
0.047
0.109
0.029
0.011

0.745
0.029
0.016
0.173
0.022
0.015

0.710
0.072
0.015
0.137
0.016
0.051

0.710
0.049
0.059
0.140
0.008
0.034

0.715
0.057
0.034
0.136
0.008
0.045

0.755
0.114
0.075
0.131
0.005
0.046

0.754
0.111
0.056
0.128
0.003
0.052

0.758
0.128
0.003

0.692
0.156
0.003

0.817
0.074

0.890
0.066
0.002

0.794
0.092
0.003

0.809
0.065
0.003

0.761
0.115
0.003

0.769
0.086
0.005

0.769
0.087
0.006

0.806
0.075
0.005

0.784
0.086
0.004

0.826
0.065
0.005

0.078
0.033

0.104
0.045

0.072
0.036

0.072
0.039

0.074
0.049

0.080
0.041

0.0646
0.0754

0.047
0.091

0.046
0.073

* X-ray analysis is not reported on this sample. The reported analysis is the average of more than ten crystals in the xenolith. For these samples, Mg and Fe2+ listed
in M1 are total amount.
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Table 2. Summary of crystal and X-ray data
space group C2/c
a (Å)
b (Å)
c (Å)
β
V (Å3)
ρcalc (g/cm3)
μ (mm-1)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections [I > 2σ(I)]
R(int) %
No. of refined parameters
Goodness-of-fit
R [I > 2σ(I)] %
R(all) %
Ucp

SC16

SCGem

SC3

SC10

SC8

SC2

9.6928(2)
8.8624(2)
5.25360(10)
106.3640(10)

9.6805(2)
8.8496(2)
5.25330(10)
106.5470(10)

9.6982(3)
8.8655(3)
5.2475(2)
106.301(2)

9.6944(2)
8.8568(2)
5.25140(10)
106.3440(10)

9.7042(4)
8.8708(4)
5.2524(2)
106.395(3)

9.6862(2)
8.8458(2)
5.25550(10)
106.4440(10)

433.011(16)

431.405(16)

433.04(3)

432.671(16)

433.76(3)

431.884(16)

3.327

3.335

3.333

3.339

3.313

3.335

2.199
3.18-51.26
13403
2209
1711
2.6
53
1.109
R1=2.4 wR=5.3

2.205
3.18-50.24
13401
2270
2056
1.6
53
1.122
R1=2.8 wR=6.0

2.224
3.17-47.93
6810
1762
1441
2.2
53
1.083
R1=2.6 wR=6.0

2.242
3.18-52.48
9733
2464
1960
2.8
53
1.046
R1=2.6 wR=6.1

2.274
9.74- 49.10
6516
1910
1585
2.8
53
1.080
R1=2.8 wR=6.4

2.195
3.18-52.81
13668
2357
1607
4.6
53
0.981
R1=2.4 wR=5.3

R1=4.0 wR=5.6

R1=4.0 wR=6.4

R1=3.7 wR=6.4

R1=3.9 wR=6.6

R1=3.6 wR=6.9

R1=5.0 wR=5.6

0.6115

0.6301

0.5981

0.6035

0.6050

0.6164
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Table 2. cont.
SC19
a (Å)
b (Å)
c (Å)
β
V (Å3)
ρcalc (g/cm3)
μ (mm-1)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections [I > 2σ(I)]
R(int) %
No. of refined parameters
Goodness-of-fit
R [I > 2σ(I)] %
R(all) %
Ucp

SC1

SC11

9.7041(3)
8.8515(3)
5.2647(2)
106.409(2)

9.6985(2)
8.8542(2)
5.2608(1)
106.390(2)

9.7105(2)
8.8640(2)
5.26610(10)
106.3250(10)

433.80(3)

433.400(16)

434.999(16)

3.370

3.382

3.365

2.469
3.18-51.47
13707
2313
1874
2.4
54
1.093
R1=2.3 wR=5.3

2.543
3.18-46.06
8191
1894
1483
2.8
53
1.066
R1=2.8 wR=6.2

2.479
3.17-51.37
13324
2367
1986
1.9
53
1.084
R1=2.2 wR=5.4

R1=3.4 wR=5.5
0.6109

R1=4.0 wR=6.7
0.6081

R1=3.1 wR=5.6
0.6032
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Table 3. Refinement results

M1

M2

M2’
T

O1

O2

O3

y
U11
U22
U33
U13
Uiso
y
U11
U22
U33
U13
Uiso
y
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso

SC16

SCGem

0.90693(3)
0.00677(12)
0.00680(11)
0.00568(11)
0.00148(8)
0.00647(6)
0.30166(4)
0.01235(10)
0.00714(9)
0.00679(9)
-0.00032(6)
0.00937(4)
0.2640(4)
0.0108(7)
0.28786(2)
0.09288(2)
0.23122(4)
0.00560(7)
0.00607(6)
0.00576(7)
-0.00020(5)
0.00210(5)
-0.00053(5)
0.00571(4)
0.11514(5)
0.08602(6)
0.14038(11)
0.00596(17)
0.01135(17)
0.00866(18)
0.00110(14)
0.00223(13)
-0.00047(14)
0.00862(7)
0.36188(6)
0.25182(6)
0.31945(12)
0.0143(2)
0.0082(2)
0.0129(2)
-0.00244(16)
0.00512(17)
-0.00167(15)
0.01154(9)
0.35139(5)
0.01758(6)
0.99766(10)
0.00757(18)
0.01205(18)
0.00772(18)
0.00046(15)
0.00264(13)
-0.00322(14)
0.00902(8)

0.90668(3)
0.00640(8)
0.00660(9)
0.00573(8)
0.00146(6)
0.00630(5)
0.30173(3)
0.01200(7)
0.00679(8)
0.00705(6)
-0.00049(5)
0.00927(3)
0.2652(2)
0.0114(4)
0.28838(2)
0.09278(2)
0.23213(3)
0.00533(5)
0.00588(5)
0.00627(5)
-0.00028(3)
0.00221(4)
-0.00067(4)
0.00571(3)
0.11496(4)
0.08590(5)
0.14009(8)
0.00586(11)
0.01180(14)
0.00921(13)
0.00120(10)
0.00216(10)
-0.00063(10)
0.00896(6)
0.36213(5)
0.25241(5)
0.31953(10)
0.01479(16)
0.00819(14)
0.01406(16)
-0.00264(11)
0.00562(13)
-0.00220(11)
0.01203(7)
0.35169(4)
0.01751(5)
0.99882(8)
0.00739(12)
0.01288(15)
0.00824(12)
0.00033(10)
0.00229(10)
-0.00365(11)
0.00949(6)

M1 and M2: x = 0; z = 0.25; U12 = U23 = 0
M2’: x = 0; z = 0.25

SC3
0.90718(4)
0.00677(14)
0.00739(17)
0.00608(16)
0.00140(11)
0.00683(9)
0.30176(5)
0.01192(11)
0.00816(15)
0.00759(12)
-0.00033(8)
0.00985(6)
0.2636(5)
0.0108(9)
0.28775(2)
0.09301(3)
0.23096(5)
0.00560(8)
0.00665(10)
0.00614(10)
-0.00028(6)
0.00181(7)
-0.00062(7)
0.00610(5)
0.11517(6)
0.08660(8)
0.14060(14)
0.00607(19)
0.0112(3)
0.0085(2)
0.00065(17)
0.00178(17)
-0.0004(2)
0.00865(10)
0.36220(7)
0.25135(8)
0.32061(15)
0.0142(2)
0.0092(3)
0.0126(3)
-0.0026(2)
0.0048(2)
-0.0020(2)
0.01184(12)
0.35126(6)
0.01820(8)
0.99665(13)
0.0078(2)
0.0125(3)
0.0080(2)
0.00029(18)
0.00202(18)
-0.0033(2)
0.00948(11)

SC10

SC8

SC2

0.90697(3)
0.00719(10)
0.00719(11)
0.00583(11)
0.00163(8)
0.00678(6)
0.30191(4)
0.01233(8)
0.00757(9)
0.00740(8)
-0.00015(6)
0.00970(4)
0.2633(4)
0.0106(5)
0.28790(2)
0.09298(2)
0.23089(4)
0.00589(6)
0.00620(7)
0.00614(7)
-0.00020(5)
0.00215(5)
-0.00063(5)
0.00598(4)
0.11496(5)
0.08640(6)
0.13999(11)
0.00680(14)
0.01124(18)
0.00886(17)
0.00098(12)
0.00216(12)
-0.00056(14)
0.00897(7)
0.36211(6)
0.25202(6)
0.32022(12)
0.0147(2)
0.00865(18)
0.0132(2)
-0.00227(14)
0.00498(16)
-0.00194(15)
0.01195(8)
0.35149(5)
0.01817(6)
0.99678(10)
0.00812(15)
0.01253(18)
0.00820(17)
0.00039(13)
0.00230(12)
-0.00336(14)
0.00962(7)

0.90702(3)
0.00738(12)
0.00797(12)
0.00588(14)
0.00113(9)
0.00723(8)
0.30184(4)
0.01235(9)
0.00837(10)
0.00726(10)
-0.00062(7)
0.01002(5)
0.2640(3)
0.0117(6)
0.28797(2)
0.09295(2)
0.23120(5)
0.00593(7)
0.00687(8)
0.00606(9)
-0.00030(4)
0.00154(6)
-0.00078(5)
0.00632(5)
0.11499(6)
0.08666(6)
0.14044(13)
0.00686(16)
0.01128(18)
0.00879(22)
0.00071(12)
0.00189(15)
-0.00046(15)
0.00905(8)
0.36260(7)
0.25187(6)
0.32127(15)
0.0150(2)
0.00913(19)
0.0135(3)
-0.00253(15)
0.00503(19)
-0.00199(17)
0.01235(10)
0.35161(6)
0.01844(7)
0.99666(12)
0.00817(17)
0.0130(2)
0.0085(2)
0.00041(13)
0.00172(15)
-0.00359(16)
0.01003(9)

0.90692(3)
0.00624(12)
0.00668(12)
0.00524(12)
0.00121(9)
0.00614(7)
0.30207(4)
0.01159(10)
0.00682(12)
0.00663(9)
-0.00055(7)
0.00899(5)
0.2651(3)
0.0107(7)
0.28802(2)
0.09295(2)
0.23084(4)
0.00492(7)
0.00571(8)
0.00566(7)
-0.00013(5)
0.00183(5)
-0.00064(6)
0.00536(4)
0.11476(5)
0.08590(6)
0.13953(11)
0.00575(17)
0.0112(2)
0.00882(19)
0.00104(14)
0.00206(15)
-0.00076(16)
0.00858(8)
0.36205(6)
0.25260(6)
0.31957(12)
0.0140(2)
0.0083(2)
0.0128(2)
-0.00206(17)
0.00484(18)
-0.00206(17)
0.01150(9)
0.35146(5)
0.01787(6)
0.99703(10)
0.00689(17)
0.0125(2)
0.00791(19)
0.00009(15)
0.00200(15)
-0.00375(16)
0.00910(8)
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Table 3. cont.

SC19
M1

M2

M2’
T

O1

O2

O3

y
U11
U22
U33
U13
Uiso
y
U11
U22
U33
U13
Uiso
y
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso

0.90637(3)
0.00678(9)
0.00729(10)
0.00603(9)
0.00153(6)
0.00676(6)
0.30254(4)
0.01182(8)
0.00747(10)
0.00704(7)
-0.00054(5)
0.00943(4)
0.2668(2)
0.0113(4)
0.28825(2)
0.09276(2)
0.23111(3)
0.00551(6)
0.00612(7)
0.00647(6)
-0.00025(4)
0.00223(4)
-0.00068(4)
0.00593(3)
0.11470(5)
0.08641(6)
0.13960(9)
0.00645(13)
0.01119(18)
0.00966(15)
0.00091(12)
0.00250(11)
-0.00054(13)
0.00905(7)
0.36255(6)
0.25253(6)
0.32078(11)
0.01497(19)
0.00938(19)
0.01385(18)
-0.00209(15)
0.00538(15)
-0.00224(14)
0.01247(8)
0.35180(5)
0.01845(6)
0.99690(9)
0.00776(14)
0.01321(19)
0.00939(15)
0.00013(13)
0.00218(12)
-0.00409(13)
0.01017(7)

SC1
0.90650(4)
0.00736(14)
0.00740(14)
0.00677(14)
0.00176(10)
0.00722(8)
0.30228(5)
0.01282(14)
0.00787(15)
0.00790(12)
-0.00016(8)
0.01016(6)
0.2674(3)
0.0111(5)
0.28822(3)
0.09278(3)
0.23125(5)
0.00605(9)
0.00657(9)
0.00700(9)
-0.00024(4)
0.00231(7)
-0.00067(7)
0.00644(5)
0.11494(7)
0.08634(8)
0.14001(14)
0.0076(2)
0.0116(3)
0.0101(2)
0.00110(19)
0.00267(19)
-0.00059(19)
0.00971(10)
0.36262(8)
0.25225(8)
0.32127(15)
0.0158(3)
0.0098(3)
0.0147(3)
-0.0023(2)
0.0061(2)
-0.0022(2)
0.01306(12)
0.35169(7)
0.01849(8)
0.99687(13)
0.0083(2)
0.0133(3)
0.0098(2)
0.0008(2)
0.00231(19)
-0.0034(2)
0.01054(11)

SC11
0.90657(3)
0.00705(9)
0.00712(9)
0.00593(9)
0.00148(6)
0.00677(5)
0.30245(3)
0.01169(7)
0.00732(8)
0.00683(6)
-0.00040(5)
0.00923(4)
0.2663(2)
0.0108(4)
0.28798(2)
0.09285(2)
0.23059(3)
0.00534(5)
0.00577(6)
0.00602(6)
-0.00024(4)
0.00200(4)
-0.00065(4)
0.00563(3)
0.11469(5)
0.08645(5)
0.13969(9)
0.00648(13)
0.01075(15)
0.00948(14)
0.00089(11)
0.00249(11)
-0.00069(12)
0.00885(6)
0.36235(6)
0.25239(6)
0.32041(10)
0.01471(17)
0.00873(16)
0.01280(17)
-0.00204(13)
0.00488(14)
-0.00185(13)
0.01187(7)
0.35173(5)
0.01846(6)
0.99633(9)
0.00765(13)
0.01252(16)
0.00871(14)
0.00018(11)
0.00209(11)
-0.00381(12)
0.00967(7)
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Table 4. Selected bond distances and polyhedral volumes
SC16

SCGem

SC3

SC10

SC8

SC2

SC19

SC1

SC11

M1-O1(x2)
-O1(x2)

2.1115(6)
2.0410(5)

2.1103(5)
2.0355(4)

2.1136(7)
2.0412(7)

2.1127(6)
2.0384(5)

2.1162(6)
2.0401(6)

2.1083(6)
2.0352(5)

2.1171(5)
2.0396(5)

2.1159(7)
2.0410(7)

2.1175(5)
2.0422(5)

-O2(x2)

2.0225(6)
11.5274

2.0140(5)
11.4381

2.0273(7)
11.5698

2.0208(6)
11.5093

2.0233(6)
11.5533

2.0147(6)
11.4293

2.0132(6)
11.4922

2.0157(8)
11.5103

2.0175(5)
11.5343

VM1
M2-O1(x2)
-O2(x2)
-O3(x2)
-O3(x2)
VM2
T-O1
-O2

2.3647(6)

2.3635(5)

2.3613(8)

2.3625(6)

2.3628(6)

2.3653(6)

2.3669(5)

2.3659(8)

2.3680(5)

2.3296(6)
2.5334(6)

2.3250(5)
2.5238(5)

2.3225(8)
2.5405(8)

2.3261(6)
2.5362(6)

2.3196(7)
2.5405(7)

2.3292(6)
2.5295(6)

2.3281(6)
2.5325(6)

2.3237(8)
2.5350(8)

2.3325(5)
2.5382(5)

2.7185(6)

2.7199(5)

2.7114(7)

2.7095(6)

2.7105(6)

2.7111(6)

2.7065(5)

2.7071(8)

2.7066(5)

25.4165
1.6075(5)

25.3129
1.6104(4)

25.3422
1.6074(6)

25.3400
1.6099(5)

25.3236
1.6113(6)

25.3480
1.6108(5)

25.3549
1.6165(5)

25.3267
1.6133(7)

25.4358
1.6159(5)

1.5894(6)

1.5904(5)

1.5882(7)

1.5912(6)

1.5945(6)

1.5927(6)

1.5970(5)

1.5956(8)

1.5978(5)

-O3(x2)

1.6601(5)

1.6581(4)

1.6601(7)

1.6604(5)

1.6629(6)

1.6602(5)

1.6623(5)

1.6615(7)

1.6641(5)

-O3(x2)
VT

1.6767(5)
2.2195

1.6739
2.2197

1.6773(7)
2.2184

1.6776(5)
2.2249

1.6780(6)
2.2326

1.6760(6)
2.2259

1.6792(5)
2.2417

1.6783(7)
2.2349

1.6817(5)
2.2460
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Table 5. Pressure and temperature estimates for San Carlos samples in this study

Sample
SC16
SCgem
SC3
SC10
SC8
SC2
SC19
SC1
SC11
average

P (Nimis)
GPa
1.34
1.70
1.27
1.42
1.20
1.64
1.30
1.32
1.07
1.41(19)

P (K&B)
GPa
----2.19
1.06
1.65
----1.03
------------1.48(55)

T (B&K-1)
ºC
1023
1135
1026
1070
1040
1062
1028
--------1055(40)

T (B&K-2)
ºC
----1144
1022
1075
----1051
------------1073(52)

Cr-Al-opx
ºC
1007
1075
971
1082
1019
----926
--------1013(60)

Type / Lithology
I / lherzolite
I / dunite
I / lherzolite
I / clinopyroxenite
I / clinopyroxenite
I / lherzolite
II / lherzolite
II / wherlite
II / wherlite

B&K-1: Temperature calculated using the pressure determined by the Nimis’ barometer (1st column).
B&K-2: Temperature calculated using the pressure determined by the B&K barometer (3rd column).
Cr-Al-opx: Temperature determined using the thermometer based on Cr and M1Al in opx by Witt-Eickschen and Seck (1991).
The uncertainty (σ) for Nimis’ barometer is reported to be 0.15 GPa and that for K&B is 0.17 GPa.
The uncertainty (σ) for both B&K and Cr-Al-opx thermometers is reported to be ±16 ºC.
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APPENDIX E:

INVESTIGATION OF DISTORTIONS FROM ITS IDEAL CLOSSESTPACKING IN OLIVINE AS A FUNCTION OF TEMPERATURE, PRESSURE
AND COMPOSITION
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Investigation of distortions from its ideal closest-packing in olivine as a function
of temperature, pressure and composition

1
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Abstract
Fourteen olivine crystals in two types of mantle xenoliths from San Carlos
Volcanic Field, AZ, were examined with single-crystal X-ray diffraction and electron
microprobe. Packing distortions of oxygen atoms in these crystals from its ideal
closest packing, expressed in the parameter Ucp defined by Thompson and Downs
(2001), were determined using a computer program formulated by the same authors.
The two groups of xenoliths, Groups I and II, exhibit a distinct difference in Ucp. The
values of Ucp in ferromagnesian olivine are directly correlated with Fe2+ content;
Group II olivines exhibit greater Ucp than Group I due to higher Fe content.
Packing distortions of oxygen atoms in olivines of various compositions in the
literature were investigated as a function of temperature, pressure, and composition.
Packing in all the examined olivines becomes progressively distorted with rising
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temperature. The pressure effect on Ucp of olivine is very small for forsterite, fayalite,
and chrysoberyl within the range of pressure reported in the literature. At ambient
conditions, Ucp is directly related to composition; as larger cations (Ni < Mg < Fe2+ <
Mn < Ca) enter the octahedral sites, more packing distortion takes place due to the
greater mismatch between the octahedral and the rigid tetrahedral sites. Examination
of Ca-bearing silicate olivines reveals that the greater the size difference between the
M1 and M2 sites, the greater the value of Ucp. Polyhedral distortion, expressed by
intrapolyhedral bond-angle variances, σ2, (Robinson et al. 1971) is linearly related to
Ucp for common silicate olivines.

Introduction
The crystal chemistry of olivine has been reviewed by Brown (1982). The
general chemical formula of olivine is M1M2SiO4 with cations, usually divalent,
distributed between two structurally distinct octahedral sites. The differences between
the crystallographic environment of the two M sites and the differences in the
chemical behavior of elements lead to cation partitioning between M1 and M2. Burns
(1969/1970) noted that the crystal field of a coordination site is affected by many
factors such as site-symmetry, metal-oxygen distances, and extent of distortion from
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ideal geometry. For olivine, while transition metal ions prefer the larger M2 site,
certain ions which acquire crystal field stabilization energy such as Ni2+ and Co2+
prefer the more distorted M1 site and ions with zero crystal field stabilization energy
such as Mn2+ favor the larger and less distorted M2 site. Ghose (1982) noted the 2
competing factors that determine the cation distribution in ferromagnesian olivine: (1)
the preference of larger cations in the larger M2 and (2) the preference of transition
metal ions in the smaller M1 site, which allows a greater degree of covalent bonding
with the oxygen atoms. In the case of Fe2+, these two competing factors cancel each
other, therefore, we observe slight or no Mg-Fe2+ ordering and the small variation of
KD, ~ 1.0 in many ferromagnesian olivines (Ghose 1982). The slight preference of
Fe2+ to the M1 site is also supported by the fact that numerous lunar and terrestrial
volcanic olivines show KD, slightly greater than 1.0 (c.f., Brown and Prewitt 1973),
although some terrestrial Mg-rich olivines show a slight preference of Fe2+ for the M2
site (c.f., Prinvicalle et al. 1989). Aikawa et al. (1985) observed that Fe2+
preferentially enters the M2 site of olivines in slowly cooled metamorphic rocks and
in the M1 site in rapidly cooled volcanic rocks. Kolesov and Tanskaya (1996), using
Raman spectroscopy, studied cation distribution in magmatic olivines of the forsterite
– fayalite solid solution series. They have found that Fe2+ occupies the M1 positions
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predominantly when the Fe2+ concentration is small (< Fa30), and that Fe2+ is evenly
distributed when the Fe2+ concentration is higher.
Distribution and diffusivity of cations in the olivine structures have been
extensively studied (Brown and Prewitt 1973; Ottonello et al. 1990; Kolesov and
Tanskaya 1996; Redfern et al. 2000; Kolesov and Geiger 2004) using X-ray
diffraction,
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Fe Mössbauer spectroscopy, and other spectroscopic methods. Many

natural olivines belong to the forsterite-fayalite join, (Mg1-xFe2+x)2SiO4. The
intracrystalline distribution of Mg and Fe2+ cations in olivine is often used in
thermodynamic and kinetic calculations because it relates to the closure temperature
of the Mg-Fe2+ exchange process and the cooling rate of the host rock (c.f.
Heinemann et al. 2007). However, high-temperature data are greatly controversial in
the literature (c.f., Artioli et al. 1995; Redfern et al. 2000; Heinemann et al. 2003a&b;
2006; 2007). A further investigation is needed to establish agreeable data and to
eliminate the source of the discrepancy.
This paper is the second part of a systematic comparative crystal chemical
study of the four common mineral groups – spinel, olivine, ortho- and clinopyroxene
– found in two types of upper-mantle xenoliths, Group I and Group II of the San
Carlos lava flows (Uchida et al. 2005). In the previous paper, spinels were examined
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and shown to have a widely ranging chemical composition in the field of spinel s.s. –
hercynite – chromite – magnesiochromite. It was observed that the positional
parameters of the oxygen atoms, u, in the San Carlos spinels were approximately
constant over all the studied samples, regardless of their individual chemical
compositions. This intriguing observation has been noted by others for the samples
from other localities (Princivalle et al. 1989; Della Giusta et al. 1996). These
coordinates can only remain constant over all the chemical variations displayed in a
suite of samples if the ratio of two bond distances, R(M-O)/R(T-O), remains constant,
which can be achieved by means of both intracrystalline cation ordering and
intercrystalline coupled substitution, i.e.,

VI

(Cr → Al) coupled with

IV

(Fe2+ → Mg)

where the larger cation is substituting the smaller cation in each site (Uchida et al.
2005). The constant u for a suite of rocks also means that the packing distortion of the
oxygen atoms in these spinels is constant; the structure becomes more distorted from
its ideal cubic closest packing as u deviates from 0.25. In this paper, we will look at
the packing distortion of oxygen atoms in olivine from its ideal hexagonal closest
packing, and we will discuss an implication of possible influence of packing
distortions on element substitutions in upper-mantle olivines.
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Olivine displays orthorhombic symmetry (space group Pbnm) with
monolayers of oxygen atoms in the b-c plane stacked in the a-direction, with one-half
of the available octahedral sites and one-eighth of the tetrahedral sites occupied. The
structure consists of isolated SiO4 groups and chains of edge-sharing octahedra that
run parallel to [001]. The M1 octahedra share 6 of their 12 edges with other polyhedra
while the M2 octahedra have only 3 shared edges. Because the shared edges are much
shorter than nonshared edges, the M1 octahedron is distinctly smaller and more
distorted than the M2 octahedron. The polyhedral distortions can be expressed by
intrapolyhedral bond-angle variance, σ2, and polyhedral quadratic elongation, ‹λ›,
defined by Robinson et al. (1971).
Yang et al. (1997) introduced the distortion parameter Ucp which describes the
deviation of anion arrangement in kyanite from ideal closest-packing. Thompson and
Downs (2001) extended this approach to a more general model so that the parameter
Ucp is applicable not only to kyanite but also other minerals. They showed that this
parameter varies as a function of temperature, pressure and chemistry for different
mineral groups. Rather than considering crystal chemistry from the view point of
cation-anion bonds it seemed that an insight into a structure can be obtained from
analyses of the anion-anion interactions. Thompson and Downs (2001) showed that
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this viewpoint gave meaningful results when applied to pyroxenes at P and T. They
also pointed out that the distortion parameter appears to be correlated with the
pressure stability fields for the M1M2SiO4 polymorphs; the Ucp values of
ferromagnesian olivine, spinel, wadsleyite, and silicate spinel decrease in this order.
Sowa and Koch (2004) quantified the distortion of the anion arrangement from
ideal closest-packing using parameters s, the standard deviation of the normalized
distance to neighboring atoms, and showed a good correlation between Ucp and s.
Additionally, Sowa and Koch (2004) obtained s as a function of pressure or
temperature for many minerals and related compounds such as olivine type,
pyroxenes, wadsleyite, spinel type, kyanite and staurolite. Their reported packing
distortions of most of the minerals agree with those reported in Thompson and Downs
(2001).
Kudoh and Takéuchi (1985) discussed distortion of forsterite from ideal
closest packing as a function of pressure based on the observed changes in cell
parameters. Because the ideally closest packed structure would exhibit an axial ratio
a:b:c = 1 : 3 2 :

3 / 2 , the difference in the observed volume, Vobs, and the ideal

volume, Vhcp, is a measure of distortion. By extrapolating their Vobs as a function of P,
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they predicted that anion packing in forsterite becomes perfectly closest-packed (Vobs /

Vhcp = 1.0) at around 16 GPa.

Experimental
Olivine crystals were chosen from the same set of 13 xenoliths selected in our
previous study (Uchida et al. 2005). X-ray data were collected at room temperature on
a Bruker X8 APEX single-crystal diffractometer, using MoKα radiation and a
graphite monochromator, equipped with a 4K×4K CCD area detector. Absorption,
Lorentz, and polarization corrections were performed. Refinements were carried out
with SHELXL-97 (Sheldrick, 1997) and fully ionized scattering curves were used.
During the refinements, Ni was constrained in M1 and Mn and Ca were constrained in
M2 site, in accordance with Ottonello et al. (1989, 1990). Site occupancies of Mg and
Fe2+ in the M sites were refined with total amounts of Mg and Fe2+ constrained to
those from the microprobe analysis using the command SUMP (Sheldrick, 1997).
Other refined parameters are scale factor, secondary extinction coefficient, atomic
coordinates, and anisotropic displacement parameters. The summary of the crystal and
X-ray data is given in Table 2 and the refined atomic coordinates and displacement
parameters are reported in Table 3.
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After the X-ray data collection, the crystals were analyzed on a Cameca SX50
electron microprobe, using an acceleration voltage of 15 kV, a beam current of 20 nA,
beam diameter of 2 μm, and 20 s counting times. Standards used were diopside (Si
and Ca), Fo90 (Mg), anorthite (Al), rhodonite (Mn), fayalite (Fe), and nickel (Ni). Ten
points were analyzed in each crystal and the averaged values are reported in Table 1.
Refined site occupancies, and therefore KD values,
M1

[XFe2+]M2[XMg]/M2[XFe2+]M1[XMg], are very sensitive to the scattering curves and

refinement constraints used during refinements (Merli et al. 2000, Heinemann et al.
2006). In the literature, various scattering curves have been used: for example, O-1,
Si4+, Mg2+, Fe2+ by Smyth & Hazen (1973), O1.5-, Si2.5+, Mg2+, Fe2+ by Ottonello et al.
(1990) , Princivalle et al. (1990) , and O1.5-, Si2+, Mg2+, Fe2+, Ca2+, Mn2+ by
Heinemann (2006&2007), and neutral atoms by Brown & Prewitt (1973). To choose
the best scattering factors, we performed sets of refinements on our samples using
atomic scattering curves and fully ionized scattering curves. While atom fractional
coordinates were affected the least, observed differences in Mg and Fe2+ distribution
were significant. We performed 2 sets of refinements using only atomic scattering
curves and only fully ionized scattering curves (O2-, Si4+, Mg2+, Fe2+, Ca2+, Mn2+), and
compared refinement results, such as Mg and Fe2+ site occupancies and associated
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standard deviations, KD, and R factors. Refinements with ionic scattering curves
yielded total Mg and Fe2+ contents that best match the microprobe analyses. Moreover,
the differences in refined site occupancies from the refinements with and without
chemical constraints were smaller in most samples when ionic scattering curves were
used.
In Table 2, the distributions of Mg atoms in the two octahedral sites and the

KD values are listed for our samples. The KD values of the Group I samples are
slightly lower, ranging from 0.90 to 1.03, than those of Group II samples, ranging
from 1.03 to 1.11. This slight difference between the groups is consistent with the
observation made by Princivalle and Secco (1985) and Princivalle (1990) who pointed
out that, for the same cooling rate and temperature, Fe-rich olivine has a higher KD
value due to the preference of Fe2+ into the M1 site.
We calculated Ucp for our samples using a computer program formulated by
Thompson and Downs (2001). The values of Ucp range from 0.0776 to 0.0787 Å3 in
the Group I samples and from 0.0813 to 0.0852 Å3. The value increases with higher
Fe2+ content.
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Discussion
(1) Relationship between Ucp and polyhedral angle variances in silicate olivine
We calculated Ucp for some silicate olivines of different compositions in the
literature. In Figure 1, Ucp is plotted against polyhedral angle variances, σ2, of silicate
olivine from the high-temperature and pressure data. Note that the M1 angular
variance, σ2M1, is larger than that of M2, σ2M2, for all the samples except for Mn-Fe,
Mn-Mg, and Ca-bearing olivines. Losey et al. (2004) examined structures of
phosphate, silicate and germinate olivines and reported that the distortion is greater in
M1 in most olivines but that distortion of M2 becomes greater when the cation in M2
is larger than the one in M1 by ≥ 0.17 Å. General trends we see in these figures are as
follows. (1) As a function of pressure, temperature, and compositional change along a
solid solution, Ucp is correlated approximately linearly with σ2, positively with σ2M
and inversely with σ2T. Exceptions to this are the high-temperature data of FeMnSiO4
and MgMnSiO4 reported by Redfern et al. (1997). (2) Octahedral angle variances of
Ca-bearing olivines exhibit more gentle slopes than those of other olivines, that is,
smaller change in σ2 while packing distortion varies with temperature or pressure. (3)
The larger the difference between σ2T and σ2M, the greater the value of Ucp.
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The Fe- and Mg-Mn samples show great variations in the M2 angle variances,
which the authors have ascribed to the changes in cation distribution. As shown later,
despite the large variation in M2 angle variances, both Mg- and Fe-Mn samples show
non-linear smooth increases of Ucp as a function of temperature. This suggests that the
observed variations of M2 angle variance in Mg- and Fe-Mn samples predominantly
result from the changes in the coordinate of M2 cation, instead of the rearrangement
of the surrounding oxygen atoms. In Figure 2, the coordinates of the M2 cation at
high temperatures are shown to vary significantly for Mg-Mn and Fe-Mn olivines in
contrast to forsterite (Takéuchi et al. 1984), Fe-Mg (Heinemann et al. 2006), Ni-Mg
olivine (Henderson et al. 2001), and LiScSiO4 (Hazen et al. 1996), all of which show
smaller and linear positional variations with temperature.

(2) Temperature, pressure, and compositional effects on Ucp of olivine
Changes in Ucp for olivine as a function of temperature and pressure are shown
in Thompson and Downs (2001), and therefore, here we address these changes briefly.
Figure 3 includes olivines with various composition using datasets reported in the
literature: Fe-Mg (Smyth 1975; Takéuchi et al. 1984; Redfern et al. (2000); Artioli et

al. 1995; Heinemann et al. 2006 & 2007), Ni2SiO4 (Lager and Meagher 1978),
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NiMgSiO4 (Henderson et al. 2001), FeMnSiO4 (Redfern et al. 1997), MgMnSiO4

(Redfern et al. 1997), Ca0.98Mn0.87Mg0.10Zn0.05SiO4 (Lager and Meagher 1978), and
CaMg0.93Fe0.07SiO4 (Lager and Meagher 1978) olivines. For all the samples Ucp

increases nonlinearly with temperature.
The tetrahedron consists of 3 shared edges and 3 non-shared edges. Being
shorter and rigid, none of them lengthens appreciably with temperature. The edges
associated with the octahedral (M1 and M2) lengthen variably. Especially, longer,
nonshared edges lengthen more than shorter, shared ones. The M1 cation is located at
an inversion center ( 1), therefore increase in the M1 polyhedral distortion must be
directly related to the changes in the positions of surrounding oxygen atoms. The facts
that the 6 edges (3 nonequivalent edges) of the M1 polyhedron are shared and that it
shares two edges with rather rigid tetrahedra restrict the M1 octahedron expansion
with temperature. Nonshared edges lengthen more than shared ones; especially the
longest O2-O3 lengthens the most as O2 moves towards Si on the a-b plane. The
shortest shared edge O2-O3 helps shield the repulsive forces between M1 cation and
Si. The significant lengthening of the nonshared O2-O3 and rather constant shared
O2-O3 lead to more distorted M1 polyhedron. In contrast to the M1 cation with a
fixed position, the M2 cation is free to move on the a-b plane and therefore the
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observed change in the M2 angle variance comes from both the movement of the M2
cation and rearrangement of oxygen atoms. The M2 atom lies on a mirror plane which
lies perpendicular to c. The M2 polyhedron shares only 3 edges, with one tetrahedron
and with two M1 polyhedra. The increase of packing distortion is caused by the
expansion of the M-O bonds, which lead to larger mismatch of T and M polyhedra.
According to Hazen and Prewitt (1977), who compiled variations in metaloxygen bond distances with T and P from the literature, the ratio of mean coefficients
of linear expansion and linear compression, α/β, for many cation polyhedra is constant.
Because we have shown that increase of Ucp with temperature is predominantly due to
expansion of longer, nonshared edges of the octahedra while the rigid tetrahedra
remain nearly unchanged, we predict that Ucp should smoothly decrease with
increasing pressure as the edges of the octahedra shorten. We investigated the anion
packing distortion at high pressure using the datasets of natural chrysoberyl with a
minor amount of Fe3+ substituting Al3+ (Hazen 1987), synthetic forsterite by Kudoh
and Takéuchi (1985), LiScSiO4 (Hazen et al. 1996), natural fayalite,
Fe1.84Mn0.11Mg0.04Si1.01O4, (Kudoh and Takeda 1986), and natural monticellite,
Ca0.99Mg0.91Fe0.09Mn0.01SiO4 (Sharp et al. 1987). Figure 3 shows the computed Ucp as
a function of pressure. In all the samples, a decrease of Ucp is observed as pressure
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increases. As Thompson and Downs (2001) have shown, structures with high initial

Ucp exhibit a greater decrease with pressure. In Figure 3, monticellite shows the
greatest change while there is very little decrease in Ucp in chrysoberyl. LiScSiO4
shows a greater decrease in Ucp than fayalite, which has a similar initial Ucp. Hazen et

al. (1996) reported the marked behavior of LiScSiO4 as a function of pressure, which
contrasts with other naturally-occurring silicate olivines due partly to the large
difference in compressibility of the polyhedra. The more compressible the M site is
with respect to the rigid T site, the greater the change in Ucp. Therefore very little
change is expected for chrysoberyl because the compressibilities of the M and T sites
are similar in this mineral. Although Kudoh and Takéuchi (1985) predicted that anion
packing becomes perfectly closest-packed (Vobs / Vhcp = 1.0) at around 16 GPa based
on the observed changes in cell parameters, an extrapolation of the fitted curve in
Figure 4 does not show that Ucp = 0 at that pressure. The data taken from studies by
Kudoh and Takéuchi (1985) and Kudoh and Takeda (1986), Ucp becomes
significantly higher above 10 GPa. Kudoh and Takéuchi (1985) reported that their
forsterite specimen is thought to have experienced some shear stresses after the
pressure medium (4:1 mixture of methanol and ethanol) freezed above 11.1 GPa. This
explains the observed abrupt increase in Ucp above 11 GPa. Likewise, it is most likely
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that the hydrostatic pressure was not held at the last two pressures reported by Kudoh
and Takeda (1986) although they claimed that a 16:3:1 mixture of methanol, ethanol,
and water should maintain the hydrostatic condition up to 14.5 GPa. We examined
changes in O-O distances in monticellite. With increasing pressure, all the O-O
distances gradually shorten in a similar way except for the shared edges with the T
site and edges associated with T, which remain nearly constant. As expected, the O-O
edges associated with M2 shorten more than those associated with M1.
Figure 5a shows the relationship between Fe2+ content in (Mg, Fe2+)2SiO4 and

Ucp. The data points include those of synthetic pure forsterite from Smyth and Hazen
(1973) and Hazen (1976), synthetic pure fayalite from Smyth (1975) and Hazen (1976
& 1977), and natural olivine with intermediate compositions from Brown and Prewitt
(1973), Princivalle (1990), Ottonello et al. (1990) and SC olivine from this study
(Table 2). This figure shows that Ucp in ferromagnesian olivine is directly correlated
with Fe2+ content along the forsterite – fayalite join. Likewise Ucp increases with Mg
content along the liebenbergite – forsterite join (Figure 6b). In both solid-solution
series, the value of Ucp increases as the larger cation substitutes for the smaller one.
Table 4 is a list of Ucp for some silicate and non-silicate olivines plotted in
Figure 6, Ucp versus the average radii of cations at M1 and M2. Ucp is positively
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correlated with the average radii of cations at M2 for most of the samples. The larger
the cation (Ni < Mg < Fe2+ < Mn < Ca) that enters the structure, the greater the
packing distortion. Therefore, the substitution of smaller cations has a similar effect
on Ucp as an increasing pressure, and an opposite effect from an increasing
temperature. For Ca-bearing olivines, distortion of packing is dominated by the M2
site. It is also shown that the greater size difference between the two octahedra, M1
and M2, increases distortion. We expect, therefore, that Ucp of Ca2SiO4 olivine would
fall below that of CaMnSiO4. This could explain why natural olivine crystals display
the most disordered configuration, that is, KD being approximately 1.0. Additionally,
in this figure, Ucp of non-silicate, olivine-type minerals are added to those of silicate
olivines. The average radii of M2 sites are plotted for these samples and data points
include chrysoberyl, Al2BeO4, (Hazen 1987), sinhalite, MgAlBO4, (Hayward et al.
1994), tryphylite and lithiophilite, LiFePO4 and LiMnPO4, (Losey et al. 2004), and
Gd2GeO4 (Belokoneva et al. (1972). The numbers next to the symbols indicate the
size of cation at the T site (Shannon 1976). For a given M2 cation radius, Ucp
becomes larger with the reduced size of cation at T site, due to the increased size
differences between the M and T site. The data point of chrysoberyl (Al2BeO4) almost
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falls on the trend of silicate olivine (dashed line), where the size difference between
Be and Si is 0.01 Å.
Figures 7a and b shows changes in lengths of O-O edges of naturally
occurring silicate olivines as compositions change (M = Ni, Mg, Co, Fe2+, Mn, and Ca
in order of increasing radius). Nonshared edges especially of the M2 polyhedron
display greater changes with substitution of larger cations. Some edges that are shared
with the tetrahedron show little or no change over the compositional range.
Examination of these figures tells us which edges are more susceptible to changes due
to cation substitution. For example, the trend made by the length of the nonshared O2O3 edge in Figure 7a indicates that the length of this edge is a function mainly of the
size of cations at M1 while the smooth increase in the length of the nonshared O1-O2
suggests that this edge is affected by both sizes at M1 and M2. Some nonshared edges,
O2-O3, O1-O2, O3-O3 (black squares), of the M2 polyhedron are largely affected by
the size of cations at M2.
Note that Ucp increases from left to right in the olivines listed in these figures, except
for the Ca-bearing olivines in which Ucp decreases from left to right.

(3) Influence of packing distortions on element substitutions in upper-mantle olivine
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We have shown in Uchida et al. (2005) that the oxygen positional parameter, u,
is approximately constant in the San Carlos spinels. The constant u also means that
the packing distortion is constant for all the studied samples, and this is possible only
when the ratio of two bond distances, T-O and M-O, are kept constant. This might
suggest that spinel can achieve an optimal packing configuration at a given P-T
condition by both intracrystalline cation exchange reactions and intercrystalline
coupled substitution, VI(Cr → Al) and IV(Fe2+ → Mg) where the larger cation is
substituting the smaller cation in each site. This is why spinel can accommodate such
variety of cations.
In contrast, chemistry of olivine is simple and constant within each suite. The
Mg-numbers, Mg / (Mg + Fe2+) × 100, of San Carlos olivine spans a narrow range in
each group: in our study 88.8 to 91.2 for olivine from Group I, and from 76.1 to 79.6
for olivine from Group II (Table 2). Frey and Prinz (1978) report a few SC Group I
olivines with lower Mg-numbers such as 84.8 and 84.2, and SC Group II olivines with
72.8. The olivine structure has much less flexibility than the spinel structure due to the
presence of rigid tetrahedra. Sharing the edges with the rigid tetrahedron restricts the
flexibility of the octahedra to accommodate various elements. Therefore, the structure
of olivine permits only simple chemistry compared to coexisting spinel. Furthermore,
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cations larger than Mg would distort the packing of oxygen atoms in forsterite. When
such element, say Fe2+, enters forsterite in the mantle, it might enter as far from one
another as possible, in an ordered fashion, in order to minimize the packing distortion.
This can be achieved if Fe2+ substitutes one Mg atom out of 12 neighboring Mg atoms
in a nearly closest-packed structure. In other words, the packing distortion might be
minimized when X/12 = 0.0833X*100 (X = 1, 2, 3,…12) % of Fe2+ enters the
structure. These numbers, 8.3, 16.7, 25.0, 33.3 % and so on, appear to correspond to
the amount of elements other than Ni and Mg in our San Carlos samples; percentages
of elements other than Mg and Ni, x = (XFe2+ + XMn + XCa) *100, are ~ 10 % and ~
16 % for San Carlos Group I olivines and ~ 23 % for Group II. In Frey and Prinz
(1978), Group II olivine extends to x = ~ 38 %. This might indicate that the packing
of oxygen atoms olivine has an influence on element fractionations among uppermantle minerals.
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Figure 1. Ucp (Å2) vs. polyhedral angle variances (degrees squared). Data points from
high-temperature experiments include Ni2SiO4 (Lager and Meagher 1978) in black
triangles, NiMgSiO4 (Henderson et al. 2001) in black circles, Mg2SiO4 (Takéuchi et

al. 1984) in gray squares, Mg1.04Fe0.96SiO4 (Heinemann et al. 2006) in black
diamonds, Fe2SiO4 (Smyth 1975) in gray diamonds, MgMnSiO4 and FeMnSiO4
(Redfern et al. 1997) in gray triangles and downward triangles respectively,
Ca0.5Mg0.465Fe0.035SiO4 (Lager and Meagher 1978) in left-facing right triangles,
Ca0.49Mn0.435Mg0.05Zn0.025SiO4 (Lager and Meagher 1978) in gray circles. Data points
from high-pressure experiments include Ca0.495Mg0.455Fe0.045Mn0.005SiO4 (Sharp et al.
1987) in left-facing right triangles. Filled symbols are for M1 and T angle variances
and open ones are for M2 angle variances.
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Figure 2. x coordinate vs. y coordinate of the M2 site. MgMnSiO4 and FeMnSiO4
(Redfern et al. 1997) in upward and downward triangles, respectively, show the
greatest variation in the M2 coordinate with varying temperature. NiMgSiO4
(Henderson et al. 2001) in circles, forsterite (Takéuchi et al. 1984) in filled squares,
Mg1.04Fe0.96SiO4 (Heinemann et al. 2006) in diamonds, and LiScSiO4 (Hazen et al.
1996) in open squares are also shown for comparison. Those 4 samples show
approximately linear trends.
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Figure 3. Closest packing distortion (Ucp) for silicate olivines as a function of
temperature. Ni2SiO4 (Lager and Meagher 1978) in black triangles, NiMgSiO4
(Henderson et al. 2001) in black circles, Mg2SiO4 (Takéuchi et al. 1984) in gray
squares, Mg1.56Fe0.44SiO4 (Heinemann et al. 2007) and Mg1.04Fe0.96SiO4 (Heinemann

et al. 2006) in open diamonds and filled black diamonds, Fe2SiO4 (Smyth 1975) in
gray diamonds, MgMnSiO4 and FeMnSiO4 (Redfern et al. 1997) in gray triangles
and downward triangles respectively, CaMg0.93Fe0.07SiO4 (Lager and Meagher 1978)
in lower-left-squares, Ca0.98Mn0.87Mg0.10Zn0.05SiO4 (Lager and Meagher 1978) in gray
circles. Many samples show concave upwards trend.
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Figure 4. Ucp (Å2) as a function of pressure. Data points are for natural chrysoberyl
(Hazen 1987), synthetic forsterite (Kudoh and Takéuchi 1985), synthetic LiScSiO4,
natural fayalite (Kudoh and Takeda 1986), and natural monticellite (Sharp et al. 1987).
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Figure 5. Ucp (Å2) as a function of (a) Fe2+ content (apfu) in forsterite – fayalite solid
solution. For references, see the text. (b) Mg content (apfu) in liebenbergite –
forsterite solid solution. Data are from Henderson et al. (2001).
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Figure 6. Ucp (Å2) vs. the average radius of cations (Å) at the M1 site (open circles)
and M2 site (filled circles) for silicate olivines. The dashed line is the trend made by
the filled circles. References are in Table 4. The elements next to the symbols are the
cations in the T site, and the numbers next to the elements are sizes of those cations
from Shannon (1976).
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Figure 7. Changes in lengths of O-O edges (Å). Samples on x-axis are in the order of
increasing Ucp. (a) O-O edges associated with M1 (b) O-O edges associated with M2.
Symbols are the same as Figure 5. Data points are from Ni2SiO4, CaMg0.93Fe0.07SiO4,
and Ca0.98Mn0.87Mg0.10Zn0.05SiO4 (Lager and Megher 1978), NiMgSiO4 (Henderson et

al. 2001), Mg2SiO4 (Takeuchi et al. 1984), Mg1.04Fe0.96SiO4 (Heinemann et al. 2006),
MgCoSiO4 and Co2SiO4 (Miyake et al. 1987), MgMnSiO4 and FeMnSiO4 (Redfern et

al. 1997), Fe2SiO4 (Smyth 1975), Mn1.83Mg0.17SiO4 (Francis and Ribber 1980), and
CaFe0.77Mg0.22SiO4 (Folco and Mellini 1997), Ca1.255Co0.745SiO4 (Kimata and Nishida
1987).
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Table 1. Chemical composition of the selected San Carlos olivines

Wt%

SC16

SCGem

SC3

SC5-3

SC15

SC10

SC8

SC2

SC19

SC1-2

SC11-4

SC20-2

SC14-2 SC14-3

SiO2

41.04(20) 41.09(14) 40.98(13) 40.37(21) 40.92(23) 39.75(13) 40.63(15) 39.96(13) 39.13(12) 38.27(10) 38.89(30) 38.65(9)

MgO

49.27(23) 48.55(29) 49.62(11) 47.74(16) 48.75(56) 48.93(13) 46.92(22) 48.91(10) 41.15(21) 38.69(15) 40.76(38) 39.37(25) 40.69(25) 40.53(16)

FeO

8.95(12)

8.73(10)

8.52(9)

10.68(12) 9.57(53)

9.83(10)

10.90(13) 9.79(11)

18.48(24) 21.65(5)

38.96(8)

38.86(9)

18.83(13) 20.81(12) 18.99(31) 19.32(16)

MnO

0.12(2)

0.10(2)

0.12(2)

0.15(1)

0.16(2)

0.14(2)

0.17(3)

0.14(2)

0.23(3)

0.30(4)

0.27(2)

0.28(1)

0.27(3)

0.28(2)

NiO

0.36(3)

0.40(4)

0.38(3)

0.31(5)

0.38(5)

0.39(5)

0.36(4)

0.36(4)

0.24(6)

0.18(4)

0.17(5)

0.21(2)

0.18(3)

0.18(4)

CaO

0.07(1)

0.10(1)

0.07(2)

0.12(1)

0.10(4)

0.08(1)

0.10(1)

0.08(1)

0.10(1)

0.10(1)

0.15(3)

0.09(1)

0.14(1)

0.09(2)

0.03(1)
Total

99.81

98.97

99.69

99.43

99.88

99.12

99.08

99.24

99.36

99.19

99.07

99.41

99.23

99.26

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

Cation numbers based on 4 O and 1 Si at T site
Si

1.000

1.000

1.000

1.000

Mg

1.805

1.805

1.813

1.765

1.791

1.788

1.757

1.790

1.588

1.513

1.579

1.535

1.580

1.568

Fe

0.183

0.182

0.175

0.222

0.196

0.200

0.229

0.198

0.399

0.474

0.407

0.452

0.406

0.419

Mn

0.003

0.002

0.003

0.003

0.003

0.003

0.004

0.003

0.005

0.006

0.006

0.006

0.006

0.006

Ni

0.007

0.008

0.007

0.007

0.007

0.007

0.007

0.007

0.005

0.004

0.004

0.004

0.004

0.004

Ca

0.002

0.003

0.002

0.003

0.003

0.002

0.003

0.002

0.003

0.003

0.004

0.003

0.004

0.003

Mg #

90.8

90.8

91.2

88.8

90.1

89.9

88.8

90.0

79.9

76.1

79.5

77.3

79.6

78.9
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Table 2. Summary of crystal and X-ray data

SC16

SCGem

SC3

SC5-3

SC15

SC10

SC8

SC2

a (Å)
b (Å)
c (Å)

4.7542(2)
10.2083(4)
5.9853(3)

4.75930(10)
10.2220(3)
5.9906(2)

4.7672(2)
10.2363(5)
6.0016(3)

4.7656(3)
10.2471(5)
5.9973(3)

4.7632(3)
10.2299(5)
5.9957(3)

4.7625(2)
10.2264(5)
5.9955(3)

4.7579(2)
10.2071(5)
5.9860(3)

4.7744(3)
10.2478(3)
6.0068(6)

V (Å3)

290.48(2)

291.443(14)

292.87(2)

292.87(3)

292.15(3)

292.00(2)

290.71(2)

293.89(4)

3.36

3.35

3.33

3.34

3.35

3.35

3.398

3.331

μ (mm-1)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections [I > 2σ(I)]
R(int) %
No. of refined parameters
Goodness-of-fit
R [I > 2σ(I)] %

1.958
4.73-50.31
4601
1510
1280
2.5
43
1.080
R1=2.3 wR=5.5

1.951
4.72-48.75
4811
1507
1196
3.0
43
1.055
R1=2.8 wR=6.0

1.905
4.71-49.59
7005
1581
1406
1.7
43
1.169
R1=1.5 wR=4.4

2.108
3.97-48.76
6800
1503
1231
2.3
43
1.105
R1=2.0 wR=5.5

2.005
3.98-49.65
6409
1458
1267
2.1
43
1.111
R1=2.1 wR=5.5

2.020
3.98-47.70
5963
1397
1245
1.7
43
1.143
R1=2.0 wR=5.3

2.171
4.73-51.06
4422
1497
1292
2.5
43
1.112
R1=2.4 wR=5.8

1.998
3.97-49.66
7071
1525
1339
2.0
43
1.189
R1=1.7 wR=4.8

R(all) %
Ucp (Å2)
Mg(M1)

R1=3.1 wR=5.8
0.07759
0.906(1)

R1=4.0 wR=6.4
0.07813
0.904(1)

R1=1.8 wR=4.4
0.07848
0.905(1)

R1=2.7 wR=5.6
0.07889
0.882(1)

R1=2.7 wR=5.8
0.07862
0.894(1)

R1=2.3 wR=5.4
0.07868
0.896(1)

R1=3.0 wR=6.0
0.07780
0.882(1)

R1=2.1 wR=4.9
0.07797
0.895(1)

Mg(M2)

0.899(1)

0.901(1)

0.907(1)

0.883(1)

0.897(1)

0.892(1)

0.875(1)

0.896(1)

0.90

0.93

1.01

0.99

1.03

0.95

0.93

1.00

ρcalc (g/cm3)

KD
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Table 2. cont.

SC19

SC1-2

SC11-4

SC20-2

SC14-2

SC14-3

a (Å)
b (Å)
c (Å)

4.7610(2)
10.2379(4)
5.9957(3)

4.7763(2)
10.2629(4)
6.0119(2)

4.7718(2)
10.2684(5)
6.0104(3)

4.7734(3)
10.2837(7)
6.0230(5)

4.7718(3)
10.2605(5)
6.0044(3)

4.7776(2)
10.2729(3)
6.0156(2)

V (Å3)

292.25(2)

294.69(2)

294.50(2)

295.66(4)

293.98(3)

295.239(18)

3.494
2.919
3.98-57.31
4020
1431
1267
1.8
43
1.125

3.518
3.229
3.96-49.63
6570
1512
1282
1.9
43
1.097

3.474
2.932
3.96-49.60
5941
1491
1354
1.7
43
1.095

3.491
3.120
3.96-49.63
6340
1526
1414
1.8
43
1.124

3.480
2.933
3.97-49.64
6960
1601
1407
1.9
43
1.082

3.473
2.975
4.70-49.63
6682
1600
1413
1.9
43
1.057

R1=2.0 wR=5.0

R1=2.1 wR=5.2

R1=1.8 wR=4.9

R1=1.6 wR=4.6

R1=1.8 wR=4.9

R1=1.9 wR=5.0

Mg(M1) (apfu)

R1=2.4 wR=5.2
0.08135
0.787(1)

R1=2.9 wR=5.4
0.08296
0.754(1)

R1=2.0 wR=5.0
0.08284
0.786(1)

R1=1.8 wR=4.7
0.08524
0.765(1)

R1=2.2 wR=5.0
0.08152
0.790(1)

R1=2.3 wR=5.1
0.08243
.783(1)

Mg(M2) (apfu)
KD

0.801(1)
1.11

0.759(1)
1.05

0.793(1)
1.07

0.770(1)
1.05

0.790(1)
1.03

0.786(1)
1.04

ρcalc (g/cm3)
μ (mm-1)
θ range for data collection
Collected reflections
Unique reflections
Unique reflections [I > 2σ(I)]
R(int) %
No. of refined parameters
Goodness-of-fit
R [I > 2σ(I)] %
R(all) %
Ucp (Å3)
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Table 3. Refinement results

Si

M1

M2

O1

O2

O3

x
y
U11
U22
U33
U12
Uiso
U11
U22
U33
U12
U13
U23
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso

SC16

SCGem

SC3

SC5-3

SC15

SC10

0.42675(5)
0.09435(2)
0.00404(8)
0.00500(8)
0.00534(8)
0.00011(6)
0.00479(5)
0.00568(11)
0.00756(11)
0.00583(10)
-0.00002(7)
-0.00059(7)
-0.00110(9)
0.00636(7)
0.98992(6)
0.27767(3)
0.00761(12)
0.00581(11)
0.00703(11)
0.00007(7)
0.00682(7)
0.76599(13)
0.09163(7)
0.00447(18)
0.0075(2)
0.00656(18)
0.00007(15)
0.00618(8)
0.22026(13)
0.44749(6)
0.00622(19)
0.00497(18)
0.00688(18)
-0.00020(15)
0.00602(8)
0.27836(9)
0.16328(5)
0.03336(7)
0.00622(13)
0.00716(14)
0.00651(13)
0.00037(11)
-0.00027(10)
0.00133(13)
0.00663(6)

0.42666(6)
0.09435(3)
0.00369(11)
0.00485(10)
0.00512(10)
0.00020(8)
0.00456(6)
0.00559(14)
0.00748(13)
0.00553(13)
-0.00011(9)
-0.00071(9)
-0.00113(10)
0.00620(9)
0.98997(8)
0.27768(3)
0.00726(15)
0.00554(13)
0.00693(13)
0.00015(10)
0.00657(9)
0.76559(17)
0.09171(8)
0.0045(2)
0.0072(2)
0.0061(2)
0.0001(2)
0.00594(11)
0.22020(17)
0.44770(7)
0.0062(3)
0.0048(2)
0.0066(2)
0.0000(2)
0.00586(11)
0.27862(12)
0.16329(5)
0.03354(9)
0.00581(18)
0.00722(17)
0.00610(17)
0.00044(15)
-0.00016(14)
0.00164(14)
0.00638(8)

0.42674(3)
0.09434(1)
0.00350(5)
0.00487(6)
0.00476(5)
0.00010(3)
0.00437(3)
0.00511(6)
0.00764(8)
0.00527(6)
-0.00007(4)
-0.00060(4)
-0.00110(5)
0.00601(4)
0.98992(4)
0.27768(2)
0.00670(7)
0.00539(7)
0.00610(7)
0.00013(4)
0.00606(4)
0.76598(8)
0.09164(4)
0.00379(10)
0.00731(13)
0.00596(11)
0.00025(9)
0.00569(5)
0.22044(7)
0.44762(4)
0.00561(11)
0.00463(12)
0.00655(11)
-0.00019(9)
0.00560(5)
0.27843(5)
0.16328(3)
0.03341(4)
0.00573(8)
0.00699(9)
0.00585(8)
0.00024(6)
-0.00036(6)
0.00161(6)
0.00619(4)

0.42681(5)
0.09443(2)
0.00379(9)
0.00498(8)
0.00525(8)
0.00007(6)
0.00467(5)
0.00524(11)
0.00752(10)
0.00557(10)
-0.00021(7)
-0.00068(7)
-0.00119(7)
0.00611(6)
0.98955(6)
0.27779(2)
0.00717(12)
0.00552(9)
0.00668(10)
0.00015(7)
0.00646(7)
0.76579(13)
0.09168(5)
0.0043(2)
0.00768(19)
0.00600(19)
0.00032(16)
0.00600(8)
0.21975(13)
0.447780(5)
0.0060(2)
0.00483(17)
0.00685(19)
0.00011(16)
0.00590(8)
0.27897(9)
0.16333(4)
0.03360(7)
0.00589(15)
0.00724(12)
0.00618(13)
0.00016(11)
-0.00037(12)
0.00167(10)
0.00644(6)

0.42687(5)
0.09439(2)
0.00398(9)
0.00523(7)
0.00487(8)
0.00004(6)
0.00469(5)
0.00561(12)
0.00786(10)
0.00532(10)
-0.00007(6)
-0.00065(6)
-0.00116(7)
0.00627(7)
0.98975(6)
0.27773(2)
0.00724(13)
0.00569(10)
0.00619(11)
0.00005(7)
0.00638(7)
0.76575(13)
0.09167(5)
0.0047(2)
0.00752(17)
0.00604(17)
0.00005(14)
0.00610(8)
0.22021(13)
0.44777(5)
0.0059(2)
.00488(16)
0.00671(18)
-0.00011(14)
0.00583(8)
0.27860(9)
0.16327(4)
0.03350(6)
0.00619(15)
0.00728(12)
0.00586(12)
0.00158(10)
0.00037(10)
-0.00029(11)
0.00644(6)

0.42681(4)
0.09439(2)
0.00371(7)
0.00529(8)
0.00490(7)
0.00013(6)
0.00463(5)
0.00518(10)
0.00789(11)
0.00537(9)
-0.00005(6)
-0.00063(6)
-0.00116(7)
0.00618(7)
0.98977(5)
0.27771(3)
0.00711(10)
0.00595(11)
0.00635(9)
0.00002(7)
0.00647(6)
0.76591(11)
0.09174(6)
0.00410(15)
0.0079(2)
0.00598(16)
0.00011(15)
0.00598(8)
0.22013(11)
0.44773(6)
0.00581(16)
0.00516(19)
0.00663(17)
-0.00009(15)
0.00587(8)
0.27865(8)
0.16334(4)
0.03351(7)
0.00573(12)
0.00754(14)
0.00603(12)
0.00032(11)
-0.00026(10)
0.00165(11)
0.00643(6)

Note: x(M1)=y(M1)=z(M1)=0; z(Si)=z(M1)=z(O1)=z(O2)=0.25
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Table 3.cont.

Si

M1

M2

O1

O2

O3

x
y
U11
U22
U33
U12
Uiso
U11
U22
U33
U12
U13
U23
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso

SC8

SC2

SC19

SC1-2

SC11-4

0.42686(5)
0.09441(2)
0.00376(8)
0.00525(9)
0.00500(8)
0.00012(6)
0.00467(5)
0.00527(10)
0.00769(11)
0.00550(10)
-0.00010(7)
-0.00059(7)
-0.00116(7)
0.00615(8)
0.98954(6)
0.27773(3)
0.00719(11)
0.00588(11)
0.00668(10)
0.00012(7)
0.00658(8)
0.76583(12)
0.09175(6)
0.00420(16)
0.0076(2)
0.00630(17)
0.00027(14)
0.00603(8)
0.21998(13)
0.44776(6)
0.00590(17)
0.00466(19)
0.00698(18)
-0.00004(14)
0.00585(8)
0.27873(9)
0.16335(4)
0.03349(7)
0.00582(12)
0.00749(15)
0.00622(13)
0.00023(11)
-0.00019(11)
0.00162(11)
0.00651(6)

0.42675(4)
0.09435(2)
0.00328(6)
0.00477(7)
0.00463(7)
0.00012(5)
0.00423(4)
0.00526(8)
0.00786(10)
0.00555(8)
-0.00006(6)
-0.00064(6)
-0.00114(6)
0.00622(6)
0.98996(5)
0.27770(2)
0.00682(9)
0.00582(10)
0.00643(9)
0.00016(6)
0.00636(6)
0.76585(10)
0.09163(5)
0.00363(13)
0.00720(18)
0.00588(15)
0.00021(12)
0.00557(7)
0.22034(10)
0.44765(5)
0.00537(14)
0.00440(16)
0.00633(15)
-0.00005(12)
0.00537(7)
0.27851(7)
0.16319(3)
0.03339(6)
0.00549(10)
0.00670(12)
0.00568(10)
0.00025(9)
-0.00013(9)
0.00160(9)
0.00596(5)

0.42718(4)
0.09475(2)
0.00388(7)
0.00541(8)
0.00503(8)
0.00011(4)
0.00477(4)
0.00547(8)
0.00823(9)
0.00583(9)
-0.00009(4)
-0.00063(5)
-0.00125(6)
0.00651(5)
0.98854(4)
0.27797(2)
0.00730(8)
0.00569(9)
0.00615(9)
0.00015(4)
0.00638(5)
0.76606(11)
0.09179(5)
0.00450(15)
0.0080(2)
0.00634(17)
0.00030(11)
0.00629(7)
0.21907(11)
0.44836(5)
0.00638(16)
0.00538(19)
0.00680(17)
-0.00007(11)
0.00619(7)
0.27956(8)
0.16358(4)
0.03380(6)
0.00613(12)
0.00785(14)
0.00623(13)
0.00037(8)
-0.00029(10)
0.00169(10)
0.00674(6)

0.42731(5)
0.09491(2)
0.00353(9)
0.00512(9)
0.00522(8)
0.00016(6)
0.00462(5)
0.00491(9)
0.00772(9)
0.00534(9)
-0.00003(6)
-0.00068(6)
-0.00123(6)
0.00599(5)
0.98817(5)
0.27809(2)
0.00701(10)
0.00554(9)
0.00644(9)
0.00003(6)
0.00633(6)
0.76583(13)
0.09188(6)
0.00378(19)
0.0083(2)
0.00608(19)
0.00043(16)
0.00608(19)
0.21789(13)
0.44867(6)
0.0061(2)
0.0052(2)
0.0072(2)
-0.00017(16)
0.00616(9)
0.28024(9)
0.16367(4)
0.03401(7)
0.00586(15)
0.00762(16)
0.00664(14)
0.00052(12)
-0.00030(12)
0.00181(11)
0.00671(7)

0.42720(4)
0.09482(2)
0.00370(6)
0.00509(7)
0.00514(7)
0.00017(4)
0.00464(4)
0.00500(7)
0.00746(8)
0.00521(7)
-0.00008(4)
-0.00062(4)
-0.00123(5)
0.00589(5)
0.98840(4)
0.27804(2)
0.00699(8)
0.00525(8)
0.00606(8)
0.00010(5)
0.00610(5)
0.76596(10)
0.09185(5)
0.00403(13)
0.00782(17)
0.00628(15)
0.00042(11)
0.00608(7)
0.21845(9)
0.44847(5)
0.00623(14)
0.00516(15)
0.00665(15)
-0.00017(11)
0.00601(7)
0.27985(7)
0.16362(3)
0.03389(6)
0.00594(10)
0.00769(12)
0.00626(11)
0.00034(9)
-0.00027(8)
0.00187(9)
0.00653(5)
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Table 3. cont.

Si

M1

M2

O1

O2

O3

x
y
U11
U22
U33
U12
Uiso
U11
U22
U33
U12
U13
U23
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
U11
U22
U33
U12
Uiso
x
y
z
U11
U22
U33
U12
U13
U23
Uiso

SC20-2

SC14-2

SC14-3

0.42732(3)
0.09489(2)
0.00388(6)
0.00527(6)
0.00522(8)
0.00015(4)
0.00479(4)
0.00523(6)
0.00792(7)
0.00537(8)
-0.00005(4)
-0.00070(4)
-0.00119(4)
0.00617(5)
0.98820(3)
0.27809(2)
0.00735(6)
0.00561(6)
0.00632(8)
0.00012(4)
0.00643(4)
0.76587(9)
0.09184(4)
0.00424(12)
0.00844(14)
0.00621(17)
0.00033(10)
0.00630(6)
0.21839(9)
0.44853(4)
0.00653(12)
0.00519(12)
0.00699(17)
-0.00025(10)
0.00624(6)
0.27999(6)
0.16362(3)
0.03388(6)
0.00616(9)
0.00797(10)
0.00640(12)
0.00039(7)
-0.00016(8)
0.00191(8)
0.00684(5)

0.42722(4)
0.09481(2)
0.00330(6)
0.00534(7)
0.00504(7)
0.00016(5)
0.00456(4)
0.00455(7)
0.00759(8)
0.00507(7)
-0.00012(5)
-0.00061(4)
-0.00123(5)
0.00574(4)
0.98837(4)
0.27805(2)
0.00673(8)
0.00555(7)
0.00606(7)
0.00014(5)
0.00612(5)
0.76590(10)
0.09180(5)
0.00370(14)
0.00816(16)
0.00614(15)
0.00026(12)
0.00600(7)
0.21843(10)
0.44845(4)
0.00574(15)
0.00496(14)
0.00711(15)
-0.00025(12)
0.00593(6)
0.27994(7)
0.16361(3)
0.03393(6)
0.00562(11)
0.00773(11)
0.00619(11)
0.00038(9)
-0.00030(9)
0.00186(8)
0.00651(5)

0.42772(4)
0.09482(2)
0.00378(6)
0.00543(7)
0.00465(7)
0.00016(5)
0.00462(4)
0.00518(7)
0.00797(8)
0.00492(7)
-0.00012(5)
-0.00060(4)
-0.00129(5)
0.00609(5)
0.98841(4)
0.27805(2)
0.00734(7)
0.00570(8)
0.00583(7)
0.00005(5)
0.00629(5)
0.76610(10)
0.09185(5)
0.00417(13)
0.00809(17)
0.00597(15)
0.00028(12)
0.00608(7)
0.21860(10)
0.44843(5)
0.00627(14)
0.00513(15)
000644(15)
-0.00013(12)
0.00595(7)
0.27984(7)
0.16358(3)
0.03386(5)
0.00605(10)
0.0827(12)
0.00604(10)
0.00039(9)
-0.00026(9)
0.00192(9)
0.00663(5)
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Table 4. Ucp of selected silicate and non-silicate olivines and olivine-type compounds.
These data points are plotted in Figure 6.
Chemical formula
Ni2SiO4
NiMgSiO4
Mg2SiO4
Mg1.04Fe0.96SiO4
MgMnSiO4
Fe2SiO4
FeMnSiO4
Mn1.83Mg0.17SiO4
CaMg0.93Fe0.07SiO4
CaFe0.77Mg0.22SiO4
CaFe0.69Mg0.31SiO4
Ca0.98Mn0.87Mg0.10Zn0.05SiO4
BeAl2O4
LiFe0.503Mn0.497PO4
LiFe0.753Mn0.201Mg0.056PO4
LiFe0.687Mg0.234Mn0.089PO4
LiMn0.933Fe0.062PO4
LiMnPO4
Al(Mg0.92Al0.05Fe0.015)BO4
Gd2GeO4

Ucp
0.06467
0.06951
0.07552
0.09321
0.10699
0.11656
0.12292
0.13184
0.28977
0.28595
0.28584
0.27157
0.02194
0.15906
0.15566
0.14568
0.16292
0.16777
0.17605
0.13121

Reference
Lager and Meagher (1978)
Henderson et al. (2001)
Takéuchi et al. (1984)
Heinemann et al. (2006)
Redfern et al. (1997)
Smyth (1975)
Redfern et al. (1997)
Francis and Ribbe (1980)
Lager and Meagher (1978)
Folco and Mellini (1997)
Folco and Mellini (1997)
Lager and Meagher (1978)
Hazen (1987)
Losey et al. (2004)
Losey et al. (2004)
Losey et al. (2004)
Losey et al. (2004)
Geller and Durand (1960)
Hayward et al. (1994)
Belokoneva et al. (1972)

