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INTRODUCTION

Peridot Mesa in the San Carlos Indian Reservation, Arizona, 
is a late Tertiary to Quaternary basalt ß ow that contains abundant 
ultramaÞ c xenoliths (BromÞ eld and Schride 1956). Bernatowicz 
(1981) obtained a K-Ar age of 0.58 ± 0.21 Ma for the Peridot 
Mesa Vent. The geology of the San Carlos Volcanic Field was 
described by Marlowe (1961) and Wohletz (1978). Spinel lherzo-
lite, pyroxenite, and herzbergite xenoliths have all been reported 
from San Carlos (Galer and OʼNions 1989).

Mantle xenoliths are classiÞ ed into two general types, deÞ ned 
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 the Cr-diopside 
and Al-augite groups of Wilshire and Shervais (1975). Petro-
graphic description of the San Carlos xenoliths can be found 
in Table 1 of Frey and Prinz (1978). Detailed geochemical and 
isotopic studies of San Carlos xenoliths have been reported by 
many authors (cf. Zartman and Tera 1973; Frey and Green 1974; 
Frey and Prinz 1978; Zindler and Jagoutz 1980, 1988; Galer and 
OʼNion 1989). The petrogenesis of mantle xenoliths has been 
the subject of much investigation. The REE studies of Frey and 
Prinz (1978) suggested that Group I xenoliths are not genetically 
related to the host basalt but rather represent a 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) estimated an 
equilibration pressure of 12.7 kbar for Group I spinel lherzolites 
with mg-number ∼90 from San Carlos using Ca exchange be-
tween 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 Stimpß  et 
al. (1999) and Stimpß  (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 at the two cation sites allows the cell volume to 
decrease without inducing lattice strain.

Another potential way to study the pressure-temperature 
history of mantle xenoliths would be to conduct a complete 
crystal-chemical study, including unit-cell parameters, crystal * E-mail: uchida@geo.arizona.edu
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ABSTRACT

Fourteen spinels from two types of mantle xenoliths from the San Carlos Volcanic Field in Arizona 
were characterized using single-crystal X-ray diffraction and electron microprobe analysis. The domi-
nant feature seen in the chemistry of spinels from the Group I xenoliths is the extensive substitution of 
Cr for Al (Cr0.20Al1.76 to Cr0.83Al1.10) correlated with Mg for Fe2+ (Mg0.69Fe2+

0.31 to Mg0.80Fe2+
0.19). Although 

Group II spinels display consistently low Cr values, they also show a well-correlated substitution of Mg 
for Fe2+ (Mg0.63Fe2+

0.37 to Mg0.69Fe2+
0.31). Unit-cell parameters for spinels from the Group I xenoliths range 

from 8.1259 to 8.2167 Å, while those from the 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 reÞ ned 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. We show that these results are reasonable, and thus extend the 
use of the Princivalle equation, or at least its functional form, to samples with signiÞ cant Cr and Fe2+ 

contents. This study demonstrates that, in spite of the extensive chemical variability of the San Carlos 
spinels, and given that the origins of the two groups of xenoliths are different, the oxygen coordinates 
remain Þ xed, suggesting that the oxygen coordinate is a function of thermal history.
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structures, and site occupancies, of all the phases in a xenolith. 
In this 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 system-
atics 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 partition-
ing 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 higher-temperature conditions (cf. 
Hill et al. 1979; Della Giusta et al. 1996; Lucchesi et al. 1998; 
Andreozzi et al. 2000; Carbonin et al. 2002; Andreozzi and Luc-
chesi 2002). The spinel structure can be described as a slightly 
distorted cubic close-packed array of 32 oxygen atoms with 8 
cations at tetrahedral (T) sites, and 16 cations at 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 the unit-cell dimension 
(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-O and T-O 
bond distances (u = 0.2625 when distances are equal; Hill et al. 
1979). The unit-cell parameter, a, primarily varies according to 
bulk chemical composition whereas u varies with cation distribu-
tion between the T and M sites since it is geometrically related to 
the ratio of the bond distances (Princivalle et al. 1989); 
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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 is dependent only on the tetrahedral and octahedral bond 
lengths, with the octahedral bonds exerting the greater inß uence. 
Princivalle et al. (1989) observed that u displays a constant value 
within the spinels from individual geological settings, even if 
there is a variation in bulk chemistry, whereas spinels with 
similar bulk chemistry but belonging to different geological en-
vironments 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 employing spi-
nels of Þ xed chemistry (cf. 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 in normal spinels 
decreasing signiÞ cantly during heating and increasing during 
cooling. Conß icting reports on the variation of u with pressure 
are in literature. Pavese et al. (1999) show that u decreases 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.

The spinel structure can incorporate a variety of different 
cations at its tetrahedral and octahedral sites, resulting in a 
temperature-pressure stability Þ eld 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 
end-members. The disordered conÞ guration may be written as 
IV(X1�iYi)VI[XiY2�i]O4, where intracrystalline disorder is deÞ ned 
by the inversion parameter, i. Thus, i = 0 for an end-member 
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 diffrac-
tion methods over a broad temperature range (cf. Peterson et al. 
1991; OʼNeill 1994; Redfern et al. 1999; OʼNeill et al. 2003). In 
addition to dependency of cation distribution on temperature, the 
inß uence of bulk composition on such disorder is also a crucial 
factor (OʼNeill and Navrotsky 1983; Lavina et al. 2003). 

The intracrystalline ordering of a crystal is dependent on the cool-
ing 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 the temperature, where the 
kinetically controlled ordering path diverges from the equilibrium 
ordering path (Ganguly 1982). The quenching temperature (TQ) 
is deÞ ned 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 deÞ ned as the projected 
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 intrac-
rystalline 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 cooled slowly, and consequently, rapidly cooled 
crystals display a higher degree of disorder. 

EXPERIMENTAL METHODS

Fourteen spinel samples were selected from 13 xenoliths collected by the authors 
from Peridot Mesa, San Carlos Volcanic Field, Arizona. The speciÞ c location at 
Peridot Mesa corresponds to location no. 2 on Figure 2 of Galer and OʼNions (1989), 
an operating peridot gem mine run by T. and E. Goseyun. Two crystals (SC19 and 
SC19-2) from one of the xenoliths were analyzed to characterize consistency and 
establish an estimate of the systematic errors of our chemistry and structure reÞ ne-
ments. 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 1 mm in diameter, and examinations by electron microprobe did not in-
dicate zoning. They were crushed to approximately 100 μm size and were selected 
for further study after examination of their diffraction proÞ les. 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. The spinels appear to be opaque and black in the 
rock specimens, but 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 with a Picker dif-
fractometer using unÞ ltered MoKα radiation at 45 kV and 40 mA that has been 
automated with a Windows-based Visual-Fortran code extensively modiÞ ed after 
the SINGLE software written by L. 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 modiÞ cation of the 
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8-position centering technique of King and Finger (1979) in which both Kα1 and 
Kα2 proÞ les are Þ t with Gaussian functions. The cell parameters for each crystal 
were reÞ ned from the measured positions of the same set of reß ections and are 
reported in Table 2. Intensities were collected to 2θ ≤ 60° using ω scans of 1° width, 
a step size of 0.025°, and 5 s per step counting times. Examination of observed 
intensities indicated Fd3

�
m symmetry, as expected. The structures were reÞ ned 

using F with anisotropic displacement parameters and chemical constraints using a 
modiÞ cation of RFINE (Finger and Prince 1975) to Rw ranging from 0.003 (SC2) to 
0.027 (SC19). Eight parameters were reÞ ned; the scale factor, secondary extinction 
coefÞ cient (Ext), oxygen coordinate, and displacement parameters. To avoid the 
effects of strong correlations, the site occupancy values were not automatically 
reÞ ned, but were manually adjusted until we found the global minimum for Rw. 
The structure factors were weighted by w = [σF

2 + (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 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, modiÞ ed 
after Burnham (1966). The correction did not produce any signiÞ cant difference in 
the reÞ nement. The reÞ nement results are listed in Table 2. To test any dependency 
of the reÞ ned parameters on 2θ, we selected a crystal from one of our xenoliths 
(SC8) and recorded intensities for reß ections to 2θ = 110°. A comparison of the 
reÞ ned structure with that of a subset with reß ections to 60° did not show signiÞ cant 
differences in the reÞ ned 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 accelera-
tion 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 ß uorescence, absorption, and atomic 
number effects using the PAP correction method (Pouchou and Pichoir 1991). On 
average, ten points were analyzed from each sample. The results of the chemical 
analysis are reported in Table 3. 

The X-ray scattering factors of Mg and Al are very similar, making it difÞ cult to 
reÞ ne the Mg and Al site occupancies from X-ray experiments. Although it is pos-
sible to obtain reasonable estimates of these occupancies with careful procedures, 
such as long counting times and the constraint that errors are normally distributed 
(cf. Bertolo and Nimis 1993), it is likely that the Mg/Al site occupancies represent 
the most signiÞ cant error in the reÞ ned cation distributions. In addition to the similar 
scattering of Al and Mg, the complex chemistries of the spinels from San Carlos also 
made the reÞ nement of cation distributions problematic. Therefore we optimized 
the atomic fractions at each site (Xi) using the SIDR minimization routine reported 
by Lavina et al. (2002). The procedure is essentially based on two assumptions: (1) 
that 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) and (2) that 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 are forced to match observed 
parameters through minimization of the following equation, F(Xi), 

F(Xi) = 
1
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where Oj are nine observed quantities and three crystal chemical constraints, and 
σj are their standard deviations. In the case of the San Carlos spinels, the nine 
observed parameters are cell parameter, oxygen coordinate, mean atomic numbers 
calculated from the site occupancies of the reÞ nement (manT and manM), and atoms 
per formula unit for the Þ ve major elements (Mg, Al, Fe2+, Fe3+, Cr). The standard 
deviations of a and u are reported in Table 2, and we Þ xed the standard deviation of 
atomic proportions to 2% for all elements because the experimentally determined 
standard deviations are very small and would rigidly constrain the optimization and 
weigh too heavily relative to other parameters. Cj were computed from the equa-
tions of Lavina et al. (2002) as a function of optimized variable cation fractions: 
Mg, Al, Fe2+, and Fe3+ at the T site and Mg, Al, Fe2+, Fe3+, and Cr at 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 are 
considered not to exceed 0.02 apfu. 

RESULTS AND DISCUSSION

Chemistry

The chemistries of the spinels from San Carlos lie in the 
Þ eld deÞ ned by the spinel (MgAl2O4)-hercynite (FeAl2O4)-
magnesiochromite (MgCr2O4)-chromite (FeCr2O4) solid solu-
tion 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 
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, how-
ever the relational trend is displaced from the line representing 
ideal substitution of end-member 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 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 contents (below 
0.08 apfu) and two samples with higher Cr contents (0.23 apfu). 
Those samples with lower Cr contents correspond to the previ-
ously 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 

TABLE 1.  San Carlos spinels: sample name, size, color, and corre-
sponding xenolith type

Sample Approximate crystal size (μm) Color Xenolith type

SC 16 103 × 84 × 90 Brownish black Group I
SC Gem 65 × 129 × 58 Purple Group I
SC 3 97 × 65 × 65 Reddish purple Group I
SC 5 100 × 100 × 119 Purplish black Group I
SC 15 97 × 97 × 97 Brownish black Group I
SC 10 97 × 103 × 97 Reddish purple Group I
SC 8 129 × 129 × 65 Brown Group I
SC 2 129 × 129 × 109 Reddish brown Group I
SC 19 116 × 148 × 142 Black Group II
SC 19-2 90 × 45 × 52 Black Group II
SC 1 180 × 142 × 123 Black Group II
SC 11 84 × 129 × 129 Black Group II
SC 20 129 × 148 × 110 Black Group II
SC 14 97 × 129 × 161 Black Group II
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from more evolved magma. In summary, the chemistry of the 
spinels in this study, with the exception of spinels with high Cr 
contents from a Group II xenolith, spans the same compositional 
range as previously reported (Galer and OʼNions 1989; Frey and 
Prinz 1978), as indicated by solid triangles and open triangles, 
respectively, in these three Þ gures. In addition to these 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 
the 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 the Group II 
xenoliths, in general, are smaller than those from the Group I 
xenoliths although there are some Group I spinels that are just 
as small. The observed cell parameters were plotted against Fe2+ 
and Cr contents, respectively, and the variations in cell param-
eters can be positively correlated to Fe2+ and Cr contents (Figs. 
2a and 2b). 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 Þ gures show two distinct populations deÞ ned by Group 
I and II xenoliths. Data within each distinct population show 

TABLE 2. Structural refi nement results 
Sample SC 16 SC Gem SC 3 SC 5 SC 15

a (Å) 8.2112(1) 8.2167(2) 8.1866(1) 8.20334(9) 8.1831(2)
V (Å3) 553.64(3) 554.74(3) 548.68(3) 552.04(2) 547.96(3)
Rmerge 0.020 0.016 0.023 0.021 0.010
RW 0.014 0.017 0.010 0.015 0.016
p 0.01229 0.01508 0.00827 0.01532 0.01590
T-β11 0.00246(10) 0.00222(11) 0.00249(8) 0.00220(11) 0.00242(10)
M-β11 0.00184(9) 0.00190(10) 0.00175(7) 0.00176(10) 0.00241(10)
M-β12 –0.00010(3) –0.00006(3) –0.00009(2) –0.00008(3) –0.00010(3)
u 0.26274(11) 0.26270(14) 0.26288(9) 0.26284(14) 0.26279(12)
O-β11 0.00256(12) 0.00251(14) 0.00254(9) 0.00250(13) 0.00298(12)
O-β12 –0.00016(7) –0.00013(8) –0.00013(6) –0.00017(7) –0.00015(6)
T-O (Å) 1.9589(5) 1.9597(7) 1.9552(4) 1.9585(7) 1.9530(6)
M-O (Å) 1.9538(9) 1.9554(12) 1.9469(8) 1.9512(11) 1.9467(10)
Polyhedral volume T (Å3) 3.8581 3.8624 3.8352 3.8554 3.8227
Polyhedral volume M (Å3) 9.7768 9.8019 9.6701 9.7351 9.6700
man T 15.91 15.63 15.78 16.62 15.85
man M 17.95 18.215 16.84 17.23 16.58

Sample SC 10 SC 8 SC 2  SC 19  SC 19-2

a (Å) 8.1544(1) 8.1520(2) 8.1259(1) 8.1569(2) 8.1566(2)
V (Å3) 542.22(3) 541.74(3) 536.55(3) 542.71(4) 542.67(4)
Rmerge 0.010 0.014 0.013 0.026 0.014
RW 0.015 0.021 0.003 0.027 0.023
p 0.01316 0.02070 0.001939 0.02668 0.02071
T-β11 0.00232(10) 0.00192(13) 0.00208(4) 0.00214(17) 0.00320(15)
M-β11 0.00178(9) 0.00191(12) 0.00201(4) 0.00198(16) 0.00233(14)
M-β12 –0.00007(3) –0.00007(3) –0.00008(2) –0.00013(4) –0.00010(5)
u 0.26315(11) 0.26287(14) 0.26293(7) 0.26302(17) 0.26295(15)
O-β11 0.00234(11) 0.00259(14) 0.00268(4) 0.00286(17) 0.00347(17)
O-β12 –0.00004(6) –.00003(7) –0.00006(3) –0.00011(8) 0.00006(11)
T-O (Å) 1.9511(5) 1.9466(7) 1.9414(2) 1.9499(8) 1.9488(7)
M-O (Å) 1.9374(9) 1.9388(12) 1.9321(3) 1.9389(14) 1.9393(12)
Polyhedral volume T (Å3) 3.8124 3.7859 3.7554 3.8051 3.7989
Polyhedral volume M (Å3) 9.5203 9.5494 9.4487 9.5465 9.5548
man T 15.27 15.13 14.58 17.11 17.58
man M 15.68 15.44 14.48 15.16 14.80

Sample SC 1 SC 11 SC 20 SC 14

a (Å) 8.1357(2) 8.1291(1) 8.1356(2) 8.1247(2)
V (Å3) 538.50(4) 537.19(3) 538.51(3) 536.32(4)
Rmerge 0.013 0.028 0.019 0.013
RW 0.020 0.024 0.021 0.012
p 0.02080 0.02773 0.02306 0.01553
T-β11 0.00241(15) 0.00241(15) 0.00204(15) 0.00233(10)
M-β11 0.00162(15) 0.00256(14) 0.00204(14) 0.00231(9)
M-β12 –0.00004(5) –0.00017(4) –0.00013(3) –0.00009(2)
u 0.26302(15) 0.26273(15) 0.26286(13) 0.26280(9)
O-β11 0.00268(19) 0.00335(16) 0.00288(15) 0.00309(10)
O-β12 0.00005(8) 0.00004(8) 0.00000(7) 0.00002(5)
T-O (Å) 1.9449(7) 1.9393(7) 1.9427(6) 1.9392(4)
M-O (Å) 1.9338(12) 1.9343(12) 1.9349(11) 1.9328(7)
Polyhedral volume T (Å3) 3.7755 3.7427 3.7623 3.7423
Polyhedral volume M (Å3) 9.4723 9.4877 9.4932 9.4631
man T 17.67 16.35 16.86 16.26
man M 13.96 14.15 14.24 13.90

Notes: Space group: Fd3
–

m.
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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FIGURE 1. Chemistry of spinels from San Carlos. Group I spinels in 
the present study are represented by solid circles and Group II by open 
circles. The solid triangles represent spinels from Group I xenoliths 
reported by Galer and OʼNions (1989). The open triangles represent 
spinels from Group II xenoliths reported by Frey and Prinz (1978). (a) 
Al vs. Cr (apfu). (b) Mg vs. Fe2+ (apfu). (c) Cr / (Cr + Al + Fe3+) vs. 
Mg / (Mg + Fe2+). 

TABLE 3. San Carlos spinels: results of microprobe analysis
 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 16.81 17.01 17.67 16.21 17.56 18.33 18.90 20.71 15.75 15.95 15.74 17.11 16.42 17.65
Al2O3 32.12 31.09 38.48 36.38 41.80 48.21 49.92 57.52 50.20 50.53 56.55 58.44 57.58 60.26
Cr2O3 36.20 35.34 28.54 26.38 20.81 19.32 16.34 9.81 10.82 10.50 3.88 3.49 3.22 1.77
SiO2 0.06 0.07 0.04 0.06 0.10 0.07 0.04†  0.04 0.10 0.09 0.11 0.05† 0.07 0.05† 
TiO2 0.14 0.30 0.18 0.85 0.58 0.22 0.16 0.13 1.04 0.98 0.44 0.47 0.55 0.38
MnO 0.26 0.31 0.24 0.24 0.23 0.17 0.19 0.13 0.21 0.20 0.15 0.16 0.15 0.14
FeO 13.66 14.02 12.56 18.25 17.44 11.98 12.92 10.50 20.05 19.75 20.84 18.35 20.73 17.85
ZnO 0.11 0.09†  0.13†  0.14†  0.17 0.03†  0.11†  0.08†  0.12†  0.15†  0.18†  0.16 0.09 0.13† 
NiO 0.18 0.28 0.25 0.34 0.28 0.32 0.33 0.40 0.29 0.27 0.20 0.27 0.27 0.26
V2O3 0.16 0.16 0.13 0.23 0.23 0.13 0.10†  0.08†  0.17 0.17  0.14 0.12 0.14
              
 Total 99.70 98.68 98.25 99.09 99.19 98.78 99.02 99.40 98.76 98.61 98.10 98.66 99.22 98.65
              
FeO* 11.03 10.28 10.18 12.95 11.63 11.04 10.35 8.85 16.02 15.67 16.39 14.67 15.94 14.10
Fe2O3* 2.92 4.15 2.65 5.89 6.45 1.04 2.86 1.83 4.48 4.53 4.95 4.09 5.32 4.17
              
Cations on basis of 4 oxygen atoms
Mg 0.725(12) 0.741(4) 0.748(13) 0.693(9) 0.729(1) 0.744(5) 0.758(3) 0.799(5) 0.643(5) 0.650(3) 0.632(9) 0.674(5) 0.648(3) 0.689(8)
Al 1.096(8) 1.071(7) 1.289(14) 1.230(6) 1.372(6) 1.547(4) 1.584(5) 1.755(4) 1.621(4) 1.630(5) 1.794(9) 1.821(6) 1.798(6) 1.860(4)
Cr 0.828(2) 0.817(4) 0.641(4) 0.598(4) 0.458(4) 0.416(4) 0.348(2) 0.201(3) 0.234(3) 0.227(2) 0.083(3) 0.073(1) 0.068(2) 0.037(1)
Si 0.002(1) 0.002(1) 0.001(1) 0.002(1) 0.003(1) 0.002(1) 0.001(1) 0.001(1) 0.003(1) 0.003(1) 0.003(1) 0.001(1) 0.002(1) 0.001(2)
Ti 0.003(1) 0.007(1) 0.004(1) 0.018(1) 0.012(1) 0.005(1) 0.003(2) 0.003(1) 0.022(1) 0.020(1) 0.009(1) 0.009(1) 0.011(1) 0.008(1)
Mn 0.006(1) 0.008(1) 0.006(1) 0.006(1) 0.005(1) 0.004(1) 0.004(1) 0.003(1) 0.005(1) 0.005(1) 0.004(1) 0.004(1) 0.004(1) 0.003(1)
Fe 0.331(9) 0.343(1) 0.299(3) 0.438(5) 0.406(6) 0.273(6) 0.291(3) 0.227(2) 0.459(5) 0.452(6) 0.469(3) 0.406(4) 0.459(3) 0.391(6)
Zn 0.002(1) 0.002(2) 0.003(1) 0.003(1) 0.003(1) 0.001(1) 0.002(1) 0.002(1) 0.002(2) 0.003(1) 0.004(1) 0.003(1) 0.002(2) 0.003(1)
Ni 0.004(1) 0.007(1) 0.006(1) 0.008(1) 0.006(1) 0.007(1) 0.007(1) 0.008(1) 0.006(1) 0.006(1) 0.004(1) 0.006(1) 0.006(1) 0.006(1)
V 0.004(1) 0.004(1) 0.003(1) 0.005(1) 0.005(1) 0.003(1) 0.002(1) 0.002(1) 0.004(1) 0.004(1) – 0.003(1) 0.003(1) 0.003(1)
Fe2+ 0.267(12) 0.251(5) 0.242(13) 0.310(7) 0.271(1) 0.251(6) 0.233(4) 0.192(5) 0.367(4) 0.359(3) 0.369(8) 0.324(4) 0.353(3) 0.309(10)
Fe3+ 0.064(7) 0.091(6) 0.057(14) 0.127(5) 0.135(4) 0.021(1) 0.058(4) 0.036(5) 0.092(6) 0.093(6) 0.100(6) 0.081(4) 0.106(6) 0.082(6)

Notes: FeO and Fe2O3 were calculated according to Carmichael (1967). Values in parentheses are 1σ uncertainties.
* Calculated.
† Some of the analyzed spots are below the detection limit.

a

b

c
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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 
inß uences the M-O bond distances signiÞ cantly. The change in 
cell parameters in the spinels from Group II is relatively small, 
but increases linearly with the Fe2+ and Cr contents. By compari-

son, the spinels from the Alban Hills volcanic region (Lucchesi 
et al. 1998), which have Cr contents 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 Þ gure, Group I and II have the same intercept, 

TABLE 4. Cation distribution, inversion parameter, and closure temperature (Tc)
Sample SC 16 SC Gem SC 3 SC 5 SC 15

Occ T Mg.651Fe2+
.243Fe3+

.029  Mg.660Fe2+
.222 Fe3+

.045   Mg.627Fe2+
.236Fe3+

.034 Mg.591Fe2+
.262Fe3+

.069  Mg.636Fe2+
.218Fe3+

.043

 Al.067Mn.006 Al.062 Mn.008 Al.094Mn.006 Al.068Mn.006 Al.091Mn.005

 Si.002Zn.002 Si.002Zn.002  Si.001Zn.003 Si.002 Zn.003  Si.003Zn.003

Occ M Al.517Fe2+
.011Fe3+

.017 Al.517Fe2+
.014Fe3+

.023 Al.608Fe2+
.001Fe3+

.011 Al.588Fe2+
.022Fe3+

.029 Al.653Fe2+
.023Fe3+

.045

 Cr.413Mg.035 Cr.397Mg.041 Cr.311Mg.063 Cr.292Mg.053 Cr.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

Sample SC 10 SC 8 SC 2  SC 19  SC 19-2

Occ T Mg.638Fe2+
.233Fe3+

.009 Mg.632Fe2+
.214Fe3+

.003  Mg.656Fe2+
.173 Fe3+

.013  Mg.507Fe2+
.321Fe3+

.029 Mg.502Fe2+
.299Fe3+

.067

 Al.113Mn.004 Al.144Mn.004 Al.152Mn.003 Al.132Mn.005 Al.122Mn.005

 Si.002 Zn.001 Si.001Zn.002 Si.001 Zn.002  Si.003 Zn.002  Si.003Zn.003

Occ M Al.718Fe2+
.009Fe3+

.006 Al.721Fe2+
.009Fe3+

.028 Al.803Fe2+
.009Fe3+

.011 Al.746Fe2+
.022Fe3+

.032 Al.754Fe2+
.030Fe3+

.014

 Cr.208Mg.051 Cr.174Mg.062 Cr.100Mg.069 Cr.117Mg.068 Cr.114Mg.074

 V.001Ni.004Ti.002 V.001 Ni.004Ti.002 V.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 SC 1  SC 11 SC 20 SC 14

Occ T Mg.498Fe2+
.296Fe3+

.081  Mg.540Fe2+
.238Fe3+

.045 Mg.534Fe2+
.276Fe3+

.028 Mg.566Fe2+
.217Fe3+

.065

 Al.114Mn.004 Al.169Mn.004 Al.155Mn.004 Al.146Mn.003

 Si.003Zn.004  Si.001Zn.003  Si.002Zn.002  Si.001 Zn.003

Occ M Al.840Fe2+
.036Fe3+

.010  Al.827Fe2+
.042Fe3+

.018 Al.823Fe2+
.039Fe3+

.039 Al.858Fe2+
.045Fe3+

.009

 Cr.041Mg.066 Cr.036Mg.067 Cr.034Mg.056 Cr.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
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FIGURE 2. Unit-cell parameters plotted against (a) Fe2+ and (b) Cr contents. The solid and open circles represent spinels from Group I and II, 
respectively. The Xʼs 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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8.00 (Fig. 2a) and 8.11 Å (Fig. 2b), but differ from the reference, 
8.10 (AH) and 8.09 Å (Olk), respectively. The low Cr-contain-
ing samples from the Group II xenoliths are on the same linear 
trend as the samples from the Alban Hills (Fig. 2a). The high Cr 
content is responsible for the larger slope in both Group I and II 
with respect to the reference in this Þ gure. 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 (An-
dreozzi et al. 2000).

Cation distribution and closure temperature

Inversion parameters for all the spinels were computed and 
are listed in Table 4. We calculated i using the deÞ nition 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 differ-
ent thermal history or different bulk composition. The inversion 
parameters of spinels from Group I range from 0.10 to 0.16, while 
those of spinels from Group II vary from 0.17 to 0.22. A linear 
relationship between i and Cr (Fig. 3) suggests that the differences 
found in i in our samples may be related to the effect of composi-
tional changes rather than to different thermal histories.

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) 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 ß ows in the limited area of topographic 
depression, and therefore they are expected to have similar cool-
ing histories. The calculated closure temperatures for our samples 
as well as other localities are plotted as a function of Cr in Figure 
4. The invariance of Tc with respect to Cr in this Þ gure demon-
strates that the equation of Princivalle et al. (1989) does not need 
additional terms to account for the effect of Cr. 

As observed by Princivalle et al. (1989), spinels that under-
went the same cooling history show rather constant u values 
in spite of their wide compositional ranges. 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 those from 
Group II. Since the oxygen coordinate, u, is a simple, nearly 
linear, function of the M-O/T-O ratio, the constant value of u in 
the 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 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 
at the M site, lengthening M-O, coupled with Fe2+ for Mg at 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 a change in the inversion parameter is 
observed. Coupled substitutions are limited within the Group 
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FIGURE 3. Inversion parameters (i) vs. Cr. The open triangles 
represent samples from the Olkhon (Olk) metamorphic complex (Lavina 
et al. 2003). The solid and open circles represent the samples from Group 
I and II xenoliths, respectively (this study). 

0.00 0.20 0.40 0.60 0.80 1.00

Cr (apfu)

350

500

650

800

950

T
c 

(°
C

)

FIGURE 4. Closure temperatures vs. Cr content. The 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).



UCHIDA ET AL.: SINGLE-CRYSTAL X-RAY DIFFRACTION OF SPINELS FROM SAN CARLOS 1907

II suite, but a larger intracrystalline disorder leads to the same 
oxygen coordinates as found for 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 chem-
istry with little Cr, whereas they display similar closure tempera-
tures as some of the Alban Hills samples. Chemistry, 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 histories despite differ-
ent types of host rocks (subvolcanic dikes vs. lava ß ows). 

Bond distances, T-O vs. M-O, are plotted in Figure 6. Lines of 
constant u are superimposed. All the samples shown, except for 
those from the Alban Hills, lie along lines of constant u. In the 
spinels from Alban Hills, the T-O bond distances are inversely re-
lated to M-O, and the oxygen coordinates of the samples from the 
Alban Hills range 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 the fact that the origins of the two groups of xenoliths are dif-
ferent, the oxygen coordinates remain Þ xed, suggesting that the 
oxygen coordinate is a function of thermal history. 
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