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Abstract:Natural garnets are robust silicate minerals stable over large ranges of temperature and pressure that can provide useful
geochemical constraints on petrogenetic conditions. The purpose of this study is to determine how the size of cation sites controls
rare earth elements (REE) incorporation in mantle eclogitic garnets. Major and lanthanide element data in a suite of mantle-derived
eclogite garnets were combined with new single-crystal structure refinements (SREFs) to examine the effects of major-element
chemistry and site dimension on the incorporation of REE into the garnet structure. Several distinct trends are apparent. Pyrope-rich
samples similar to mantle lherzolitic garnets are enriched in the smaller heavy rare earth elements (HREE). Almandine-rich garnets
are also HREE-enriched, but low rare earth elements (LREE) values are lower than in the pyrope-rich garnets. Intermediate garnet
compositions are more depleted in HREE and enriched in LREE (Ce, Nd, and Sm). Finally, Ca-rich garnets (50% grossular
component) are depleted in LREE and HREE, but are enriched in MREE. Hence, the X site dimension does exert a crucial role in
REE incorporation into the garnet structure. Crystal structure refinements provide further evidence of this influence.
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1. Introduction and previous studies

Garnets are very robust silicate minerals that are stable over
a large range of temperature and pressure and can therefore
provide useful constraints on petrogenetic processes. Silicate
garnets are cubic, space group Ia-3d, and have the general
formula X3Y2(ZO4)3. The most common cations incorpo-
rated in the garnet structure in lower crust and upper mantle
settings are: Mg, Fe2+, and Ca in the 8-coordinated X site
(a distorted cube); Al, Cr, and Fe3+ in the octahedral Y site;
and Si in the tetrahedral Z site. In addition, significant
amounts of trace and minor elements can be incorporated
in the garnet structure, of which the most important for
petrogenetic studies are rare earth elements (REE), which
are incorporated at the X site.
It is well known that major-element chemistry (and hence

the average dimension of the involved sites) plays a domi-
nant role in determining REE incorporation and partitioning
in minerals. The ionic radius and charge of the major con-
stituents are the most important factors, as shown by the
many studies (Van Westrenen et al., 1999, 2000, 2001a
and b; Freeman et al., 2006; Draper & Van Westrenen,
2007) carried out since Blundy & Wood (1994) proposed
an approach based on the elastic-strain theory (Brice, 1975).
The use of single-crystal structure refinement (SREF) has

already provided useful information on the mechanisms of
trace-elements incorporation and partitioning in rock-forming

minerals. In the case of silicate garnets, comparison of SREF
results with those of X-ray fine-structure absorption spec-
troscopy (XAFS) and 45Sc NMR showed that Sc3+ enters
only theX site in pyrope-rich garnets, partitions itself between
the X and Y sites in grossular-rich garnets and enters only the
Y site along the solid solution grossular–andradite (Oberti
et al., 2006; Quartieri et al., 2006; Kim et al., 2007),
with the incorporation being strongly related to the size of
the Y site. Also, XAFS data on Dy showed that its local envi-
ronment varies significantly as a function of the grossular
component (Quartieri et al., 2004). In the case of amphiboles,
HREE were shown to prefer incorporation into smaller
[6 + 2]-coordinated M(40) polyhedra, similar to those occu-
pied by (Fe, Mg)2+ in calcium amphiboles, and are incorpo-
rated in the M(2) octahedron in richterite, where half of
the M(4) polyhedra are occupied by Na, the largest
possible M(4) cation, and M(2) is the largest of the three
[6]-coordinated sites (Bottazzi et al., 1999).
The REE contents in mantle grossular-rich garnets are low

and typically range from 17 ppm (Beard et al., 1996) and
20.8 ppm (Smit et al., 2014) to 24.1 ppm (Harte & Kirkley,
1997), with a maximum of 50 ppm total of REE (Caporuscio
& Smyth, 1990), whereas garnets from other geologic
domains may have up to 500 wt ppm total REE (Irving &
Frey, 1978). Determination of REE contents in mantle
eclogites is extensive and focuses on their use in petrogenetic
models and trace-element partitioning. Harte & Kirkley
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(1997) examined trace-element partitioning between clinopy-
roxene and garnet inmantle eclogites from the Roberts Victor
Kimberlite, South Africa. They determined that “the parti-
tioning of a given trace element (REE) progressively favors
garnet over pyroxene as increasing amounts of Ca are parti-
tioned into garnet; and the magnitude of this effect increases
with ionic radius in the REE”. Barth et al. (2001) analyzed 21
garnets from Koidu, Sierra Leone as part of a study on low
MgO (6–13 wt% whole rock) eclogite xenoliths. In general,
their chondrite-normalized REE patterns for garnet (Fig. 2 of
their article) are consistent with those of our specimens, but
their classification focused on jadeite-rich, jadeite-poor, gra-
phite and kyanite eclogites. Their kyanite-bearing eclogites
have REE patterns for garnet that match those of our grossu-
lar-rich garnets. Barth et al. (2001) describe the low-MgO
Koidu eclogites as partial melt residues of continental
crust formation. Jacob et al. (2003) examined seven coe-
site-bearing eclogites from the Roberts Victor kimberlite.
Their REE normalized garnet patterns are almost identical
with those of our grossular-rich garnets. They used these data
to suggest a coesite-eclogite genesis from Archean oceanic
gabbro cumulates. Smit et al. (2014) characterized a suite
of 30 eclogites and garnet pyroxenites from the Victor kim-
berlite in the Superior craton of Canada with the intent of
determining their genesis. These authors divided their
samples into four categories (high-Ca eclogites, low-Mg
eclogites, high-Mg eclogites and pyroxenites). Excluding
their pyroxenite suite, the REE patterns (their Fig. 5) and
major element chemistry of their garnets are remarkably sim-
ilar to those of our sample suite. This is especially true for the
high-Ca garnets of Smit et al. (2014). Their high-Mg garnets
match our pyrope-rich garnets (and some almandine-rich
samples). Our garnets with intermediate composition have
a REE pattern similar to those of some high-Mg and low-Mg
garnets listed by Smit et al. (2014).
Incorporation of REE in the garnet structure requires a

coupled heterovalent exchange to allow local charge
balance. In synthetic yttrium–aluminum garnets (YAG),
Al substitutes Si at the Z site. The major-element chemical
analyses here presented indicate that there is no apparent
deficiency of (Si + Ti) at the Z site, therefore Al incorpora-
tion at that site does not seem viable. The only other mech-
anisms to be proposed are incorporation of the same amount
of divalent cations at the Y site or of monovalent cations at
the X site. We will show here that total REE concentrations
in our suite of samples range from 3 ppm to 15 ppm.
Previous studies (Oberti & Caporuscio, 1991) on calcic

clinopyroxenes from a suite of mantle xenoliths from the
Bobbejaan and Roberts Victor mines in South Africa had
shown that the REE content is inversely related to the Na
content at the 8-coordinated M(2) site, which is crystal-
chemically analogous to the M(4) site in amphiboles, and
are favored by the presence of smaller cations such as
(Fe, Mg)2+ content occurring at the split M(2’) position.
Two samples in that suite, SBB-7P and SBB-37, showed
strong enrichments in REE (Oberti & Caporuscio, 1991).
We have recently focused our attention on garnets found in
the same suite of samples, which span quite a large compo-
sitional range (Fig. 1), and used them to explore by SREF

the crystal-chemical constraints exerted by major-elements
composition on REE enrichment in eclogitic garnets.
The aim of this work is to determine how the size of

cation sites controls REE incorporation into mantle eclogitic
garnets. We will use available data for major and lanthanide
elements in the sample suite, along with the present SREFs
to determine if major-element chemistry dictates the type of
REE incorporated into the garnet structure, similar to what
was found for amphiboles by Bottazzi et al. (1999). Specif-
ically, do cations with larger ionic radii (e.g., Ca expressed
as grossular component) allow for major incorporation of
larger REE in mantle garnets? The importance of the infor-
mation of site dimension – either derived by structure refine-
ment or by spectroscopic methods – has been reviewed by
Blundy & Wood (2003) also based on the results obtained
on amphiboles by the geo-crystal-chemical group working
in Pavia (cf. a review in Tiepolo et al., 2007).

2. Sample selection and characterization

The suite of samples whose crystal chemistry was investi-
gated in this study is part of a larger project focused on
mantle eclogites that were characterized for major element
chemistry, REE contents, oxygen and Nd/Sm isotopes
(Smyth & Caporuscio, 1984; Caporuscio, 1988; Smyth
et al., 1989, Caporuscio & Smyth, 1990). A suite of repre-
sentative samples was selected, and SREF was done to
obtain a complete geometrical description of the (averaged
over the crystal) dimension of each structural site for each
bulk composition.

2.1. Electron microprobe (EMP)

Eight of the crystals used for SREF analysis at CNR-IGG in
Pavia were embedded in epoxy and analyzed with a JEOL
JXA-8600 electron microprobe (EMP) at the University of
Colorado, Boulder Department of Geological Sciences,
Boulder, CO, USA. Operating conditions are: 15 kV,

Pyrope

Almandine

Grossular

SBB-37 SBB-39

SBB-34 SBB-25

SBB-3H* SBB-61*

SBB-7P SRV-4

XM-37 SBB-2H*

SRV-1

Fig. 1. Ternary diagram of three major components of relevance for
the garnets of this study; pyrope (pyr)–almandine (alm)–grossular
(gro). This sample suite covers a wider compositional range. Roberts
Victor pipe samples are labeled SRV and XM, Bobbejaan mine
samples are denoted by SBB.
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20 nA, and 5 lm beam size. Standards used for analysis
were: Si – wollastonite; Al – anorthite; Ti – ilmenite;
Cr – chromite; Fe – fayalite; Mn – spessartine garnet;
Mg – Springwater olivine; Ca – wollastonite; and
Na – albite. For the other three samples (SBB-2H, SBB-3H,
and SBB-61) SREF and chemical data (measured at the Los
Alamos National Laboratory, NM, USA) were already
available; for them, operating conditions of the EMP are
given in Smyth & Caporuscio (1984). The averaged (3–8
points) values of wt% oxides and the corresponding unit for-
mulae (calculated on the basis of 12 oxygen atoms) are
reported in Table 1 together with the calculated percentage
of the relevant end-members (Table 2). The chemical evolu-
tion of the suite of samples is plotted in the ternary plot
Pyr–Gro–Alm (Fig. 1). Note that sample SBB-7P contains
5.72 wt% Cr2O3 (17% uvarovite end-member) which was
included as part of the grossular component, which repre-
sents XCa in the ternary plot of Fig. 1.

2.2. Instrumental neutron activation analyses (INAA)

Garnet separates had been previously analyzed for REE and
trace elements by Instrumental neutron activation analyses
(INAA) at the University of Arizona, AZ, USA (Caporus-
cio, 1988; Caporuscio & Smyth, 1990). The garnets were
hand-picked using a binocular microscope, chosen for opti-
cal clarity, rinsed in DI water, and acid washed with warm
HCl to remove carbonates. The samples were then inspected
in oil immersion for impurities, rinsed in acetone to remove
trace oils, and finally rinsed again in DI water to remove
remnant acetone. The samples were irradiated for 8 h at
10 MW at the University of Missouri (Columbia) Research

Reactor Facility. A poly-ethylene lazy-susan ensured a uni-
form neutron flux equal to 4.9 � 1013 cm�2 s�1. Emissions
were first counted three times for a period of four hours each
using a 30 cm2 lithium drifted germanium coaxial detector,
since the samples could be located 1–35 cm away. Then two
count times were performed with a detector incorporating a
NaI crystal and intrinsic Ge semiconductor. Rock standards
(NBS basalt 688 and CRB-1 basalt glass) were used both for
internal check of accuracy and calibration. Precision for this
data set is ±2% relative, with an accuracy of ±7% relative.
The resulting REE contents are reported in Table 3.

2.3. Single-crystal X-ray structure refinement (SREF)

Crystalswere selected for crystallographic analysis and inten-
sity data-collection on the basis of optical behavior, absence
of birefringence, and freedom from inclusions. Crystals were
mounted on a Philips PW-1100 four-circle diffractome-
ter using graphite-monochromatised MoKa X-radiation.
Unit-cell dimensions were calculated from least-squares

Table 1. Results of electron microprobe (EMP) analyses of garnet in wt% (upper half) and as atoms per formula unit normalized to 12
oxygen atoms (lower half).

Sample/Oxide SBB-2H* SBB-3H* SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61* SRV-1 SRV-4 XM-37

SiO2 40.60 41.69 42.09 41.02 40.46 42.64 40.12 42.10 39.67 41.14 40.15
TiO2 0.05 0.12 0.12 0.32 0.27 0.29 0.30 0.20 0.11 0.40 0.31
Al2O3 22.50 22.86 19.61 22.36 22.15 23.51 21.90 22.77 22.22 21.68 22.41
Cr2O3 0.07 0.10 5.72 0.16 0.10 0.29 0.12 0.06 0.04 0.50 0.12
FeO 7.80 16.25 7.68 14.03 15.66 8.45 19.98 13.17 10.07 10.84 13.57
MnO 0.18 0.28 0.47 0.44 0.80 0.40 1.12 0.30 0.23 0.37 0.27
MgO 10.00 14.17 20.83 16.28 14.99 22.28 13.61 14.94 7.46 14.88 10.82
CaO 18.30 4.91 5.17 4.22 3.98 3.45 3.35 7.17 18.81 10.86 11.38
Na2O 0.00 0.00 0.03 0.09 0.07 0.07 0.09 0.07 0.01 0.02 0.13
P2O5 0.00 0.00 0.03 0.05 0.04 0.03 0.04 0.05 0.04 0.03 0.00
Total 99.57 100.39 101.77 99.55 100.15 101.41 100.64 100.84 99.3 100.96 99.79
Si 2.998 3.044 2.981 3.006 2.991 2.970 2.982 3.039 2.987 2.985 2.991
Ti 0.003 0.007 0.007 0.018 0.015 0.015 0.017 0.011 0.006 0.022 0.018
Al 1.958 1.967 1.637 1.931 1.930 1.930 1.918 1.937 1.971 1.854 1.968
Cr 0.004 0.006 0.320 0.009 0.006 0.016 0.007 0.003 0.002 0.028 0.007
Fe 0.482 0.992 0.455 0.897 1.062 0.492 1.242 0.795 0.667 0.658 0.885
Mn 0.011 0.017 0.028 0.027 0.050 0.024 0.070 0.018 0.015 0.022 0.017
Mg 1.101 1.543 2.199 1.778 1.652 2.313 1.508 1.608 0.837 1.609 1.202
Ca 1.448 0.384 0.393 0.332 0.315 0.258 0.267 0.554 1.520 0.846 0.908
Na 0.000 0.000 0.004 0.013 0.010 0.009 0.013 0.010 0.001 0.002 0.018
P 0.005 0.000 0.002 0.004 0.003 0.002 0.003 0.003 0.003 0.002 0.000
Total 7.985 7.962 8.028 8.023 8.035 8.030 8.027 7.980 8.014 8.030 8.013

*Smyth & Caporuscio (1984). Remainders are average (3–8 points) microprobe analyses of the single crystals used in cell refinements.

Table 2. End-member percentages for garnet samples.

Sample Composition Sample Composition

SBB-2H Pyr36Alm16Grs48 SBB-39 Pyr50Alm41Grs09
SBB-3H Pyr53Alm34Grs13 SBB-61 Pyr54Alm27Grs19
SBB-7P** Pyr65Alm14Grs21 SRV-1 Pyr28Alm22Grs50
SBB-25 Pyr59Alm30Grs11 SRV-4** Pyr52Alm21Grs27
SBB-34 Pyr55Alm35Grs10 XM-37 Pyr40Alm30Grs30
SBB-37 Pyr76Alm16Grs08
**Uvarovite and andradite components summed to the grossular
component.
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refinement of the d values obtained for 60 rows of the recip-
rocal lattice by measuring the center of gravity of each reflec-
tion in the h range ±2–35�. Intensity data were collected for
the six equivalent reflections with positive hkl indices in the
h range 2–40� using the step-scan profile technique (Lehman
&Larsen, 1974) and thex scanmode. For some samples, dif-
ferent h ranges were explored as a function of crystal quality
to assess the best resolution of the data (cf. Table 4). The
intensity data were corrected for absorption (North et al.,
1968) and for Lorentz and polarization effects, merged and
reduced to structure factors. Least-squares refinements were
done on the reflections with Io > 3 r(Io) in the space group
Ia-3d, using a program written locally (Cannillo, pers. com-
mun.) to deal with complex solid-solutions. Scattering factors
for the appropriate ions were used at the X and Y sites,
whereas ionized versus neutral scattering factors were refined
at the Z and O sites (Merli et al., 1995). Crystallographic data
and the relevant refinement parameters are reported in
Table 4, whereas the most important geometrical descriptors
are listed in Table 5.

3. Results

3.1. Trace-element contents

The La/Yb values range from 0.700 (SBB-7P, Pyr65Alm14
Grs21) to 0.027 (SBB-39, Pyr50Alm41Grs09). However, the
La/Yb ratio does not represent the geochemical variation in

rare earth contents because very different shapes of the
chondrite-normalized patterns are observed (Fig. 2), where
normalizing values are from Anders & Grevesse (1989).
For the sake of clarity, we present separate figures for any
end-member composition of reference (Fig. 3, pyrope >60%;
Fig. 4, almandine �35%; Fig. 5, intermediate compositions;
Fig. 6, grossular approximately 50%). Pyrope-rich samples
are HREE enriched, similar to mantle lherzolite garnets.
Almandine-rich samples are also HREE enriched, but have
slightly lower LREE contents than the pyrope-rich garnets.
Intermediate garnet compositions (SRV-4 [Pyr52Alm21
Grs27], SBB-7P [Pyr65Alm14Grs21], SBB-61[Pyr54Alm27
Grs19], and XM-37 [Pyr40Alm30Grs30]) are depleted in
HREE but enriched in LREE (Ce, Nd and Sm). Ca-rich
garnets (50% grossular component) show low LREE and
HREE contents, but are enriched in MREE. The garnet
REE chondrite normalized data of Harte & Kirkley (1997),
Barth et al. (2001) and Smit et al. (2014) were also included
in Figs. 3–6. There is good correlation of their data sets with
our end-member composition plots, with the exception of the
LREE. The consistent difference in LREE concentrations
from our data set to the other data sets plotted in Figs. 3–6
may be due to precursor bulk-composition differences.
Major-element compositions, particularly divalent cation
radii, are thus confirmed to correlate strongly with REE
incorporation into the garnets in the sample suite.
The preferential incorporation of trace-elements within a

homovalent series such as REE is usually interpreted based

Table 3. REE determinations (in ppm) by neutron activation for garnet samples.

Sample/Element SBB-2H SBB-3H SBB-7P SBB-25 SBB-34 SBB-37 SBB-39 SBB-61 SRV-1 SRV-4 XM-37 Chond.

La 0.224 0.107 0.576 0.562 0.320 0.398 0.0818 0.995 0.326 0.184 0.077 0.2347
Ce 0.644 0.381 2.050 1.260 0.895 0.827 0.360 1.852 1.421 2.015 0.759 0.6032
Nd 0.397 0.642 4.850 0.653 0.395 0.905 0.301 1.807 4.470 4.790 2.654 0.4524
Sm 0.179 0.215 1.877 0.580 0.461 0.854 0.409 1.420 2.628 2.940 2.615 0.1471
Eu 0.148 0.206 0.843 0.266 0.269 0.456 0.190 0.708 1.534 1.100 1.099 0.0560
Tb 0.090 0.291 0.418 0.233 0.299 0.521 0.275 0.461 0.252 0.613 0.632 0.0363
Dy 1.013 0.136 0.906 1.562 1.950 3.731 0.266 2.238 1.414 0.797 3.336 0.2427
Yb 0.522 2.714 0.824 1.800 4.882 6.545 3.070 1.657 0.715 1.812 1.997 0.1625
Lu 0.071 0.429 0.128 0.272 0.804 1.022 0.493 0.239 0.103 0.267 0.294 0.0243
La/Yb 0.430 0.040 0.700 0.310 0.066 0.061 0.027 0.600 0.460 0.100 0.039 –

Data from Caporuscio & Smyth (1990), chondrite values from Anders & Grevesse (1989).

Table 4. Refined unit-cell parameters, polyhedral volumes, refinement disagreement indices and number of reflexions (#) for the garnet
samples, sorted by decreasing grossular (XCa) component.

Sample a (Å) Unit-cell vol. (Å3) X-site vol. (Å3) Y-site vol. (Å3) Z-site vol. (Å3) R int % R obs % (#) R all % (#)

SRV-1 11.6762(2) 1591.86 22.296 9.218 2.22 3.20 1.90 (666) 2.03 (703)
SBB-2H 11.663(5) 1586.63 22.091 9.227 2.223 1.80 1.42 (300) 2.94 (421)
XM-37 11.6090(2) 1564.53 21.595 9.135 2.213 6.69 2.04 (383) 3.59 (546)
SRV-4 11.6019(2) 1561.66 21.463 9.174 2.21 5.50 2.80 (319) 3.73 (414)
SBB-61 11.5646(1) 1546.65 21.158 9.079 2.205 2.00 1.17 (276) 3.18 (409)
SBB-7P 11.5449(3) 1538.76 20.812 9.205 2.189 5.40 3.00 (343) 3.71 (409)
SBB-3H 11.5411(14) 1537.24 20.927 9.045 2.204 1.50 1.09 (235) 1.86 (289)
SBB-25 11.5414(3) 1537.36 20.895 9.066 2.203 3.80 3.04 (571) 4.59 (832)
SBB-34 11.5329(5) 1533.97 20.868 9.04 2.197 2.40 2.56 (580) 3.03 (683)
SBB-39 11.5279(4) 1531.97 20.823 9.058 2.191 3.15 2.75 (334) 3.52 (406)
SBB-37 11.5059(1) 1523.22 20.585 9.043 2.188 4.20 2.56 (226) 3.28 (404)
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on the fit between the ionic radius of the individual element
and the average cation–oxygen distance of the relevant site
(Smyth & Bish, 1988; Blundy & Wood, 1994). In the case
of REE in garnet, the relevant parameter is the <X–O> dis-
tance. Although this reasoning strictly holds for the individ-
ual sites (so that the information should be obtained from
spectroscopic techniques such as XAFS), reliable hints
may be obtained also from the <X–O> distances measured
by SREF, which are averaged over the whole crystal and
hence take into account the overall X-site composition
(Bottazzi et al., 1999).

3.2. Polyhedral variations

When analyzing geometrical variations as a function of the
grossular component (i.e., of the largest available X cation,
Ca2+), two main points have to be kept in mind. First, all
the polyhedra available in the garnet structure are connected
by extensive edge-sharing, so that incorporation of an exotic
trivalent cation in a given individual site affects also the geom-
etry of adjacent polyhedra. In particular, the X dodecahedron
shares four edges with four different Z tetrahedra and four
edges with four different Y octahedra. Each Y octahedron
shares six edges (out of 12) with six different X dodecahedra,

and eachZ tetrahedron shares two edges (out of four)with two
different X dodecahedra. The tetrahedra and octahedra,
however, do not share edges. Second, trends in the geometri-
cal parameters are not generally linear in the pyrope–grossular
solid solution (Merli et al., 1995; Ungaretti et al., 1995), but
can be considered as roughly linear in the present study (with
some caution for the two samples with the highest Ca
contents). The trends observed for the measured <cat–O>
distances in the different sites are shown in Figs. 7 and 8; those
observed for the volumes of the individual polyhedra and of
the unit-cell are shown in Figs. 9–12. As expected, the length
of the X1–O (range: 2.211–2.264 Å), X2–O (range: 2.363–
2.433 Å), and <X–O> distances (range: 2.287–2.348 Å; vari-
ation 2.7%) increases with increasing Ca content at the X site,
expressed as grossular component. However, a significant
increase is observed also for Y–O (range: 1.893–1.906 Å;
variation 0.7%) and Z–O (range: 1.633–1.639 Å; variation
0.4%), although these sites have an almost constant composi-
tion in the present sampling.
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Fig. 2. Chondrite-normalized REE trends for the garnets of this
study. Distinct trends due to garnet major-element chemistry are
difficult to discern in this plot. The samples are replotted by “end
member” chemistry in Figs. 3–6.

Table 5. Bond lengths (Å), angles (�) and distortion parameters (Robinson et al., 1971) of relevance to the present discussion.

Sample X1–O X2–O <X–O> Y–O Z–O OQE OAV TQE TAV

SRV-1 2.264 2.433 2.348 1.905 1.638 1 0.01 1.0106 43.15
SBB-2H 2.257 2.425 2.341 1.906 1.639 1 0.05 1.0114 46.36
XM-37 2.242 2.405 2.323 1.899 1.637 1.0001 0.46 1.0121 49.38
SRV-4 2.239 2.399 2.319 1.902 1.637 1.0020 0.74 1.0125 50.93
SBB-61 2.228 2.387 2.308 1.896 1.636 1.0004 1.30 1.0103 53.63
SBB-7P 2.218 2.372 2.295 1.905 1.634 1.0007 2.59 1.0144 59.01
SBB-3H 2.223 2.376 2.300 1.894 1.636 1.0005 1.84 1.0132 53.74
SBB-25 2.22 2.376 2.298 1.895 1.636 1.0006 2.13 1.0138 56.35
SBB-34 2.22 2.375 2.297 1.893 1.635 1.0005 1.97 1.0135 55.22
SBB-39 2.22 2.372 2.296 1.894 1.633 1.0005 1.95 1.0133 54.36
SBB-37 2.211 2.363 2.287 1.894 1.633 1.0008 2.87 1.0141 57.61
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Fig. 3. Chondrite-normalized REE patterns for pyrope-rich samples
from this study (black symbols) compared to other published REE
data (gray symbols; Beard et al., 1996; Harte & Kirkley, 1997; Smit
et al., 2014). The gray lines represent averages of the comparison
datasets, and the shaded gray area indicates the 95% confidence
interval. The pyrope samples are enriched in HREEs and mimic the
pyrope-composition REE patterns in garnet lherzolites.

X-site control on rare earth elements in eclogitic garnets – an XRD studyPrePub Article 5

Downloaded from https://pubs.geoscienceworld.org/eurjmin/article-pdf/doi/10.1127/ejm/2019/0031-2828/4653101/ejm_00_0_0000_0000_caporuscio_2828_prepub.pdf
by University of Colorado Boulder user
on 30 April 2019



Inspection of the trends observed for the unit-cell and site
volumes is far more informative. Figures 9–11 clearly show
that the incorporation of the larger Ca ion at the X site
increases the volume of the X polyhedron but affects also
those of the Y octahedron and Z tetrahedron, where no
chemical substitution occurs. As a consequence, the unit-cell
volume is extremely sensitive to the Ca content (Fig. 12).

Significant deviations are observed for two samples. Sample
SBB-37 [Pyr76Alm16Grs8], the one with the highest pyrope
component, has a significantly smaller X site than sample
SBB-39, where the same “pyralspitic” component is
obtained with a much larger contribution from almandine.
Sample SBB-7P [Pyr65Alm14Uva17Grs4] has two con-

trasting peculiarities: a higher pyrope/almandine ratio
(consistent with the presence of an averaged small X site,
e.g. X dodecahedron) and a high Cr+3 content, consistent
with the presence of a large(r) Y octahedron consistent with
the larger radius of the Cr3+ cation (0.615 Å vs. 0.535 Å for
Al3+; Shannon, 1976). In our sample of garnet structures,
larger averaged Y octahedra coexist with smaller averaged
X dodecahedra. Considering that each Y octahedron shares
six out of its 12 edges with six dodecahedra, we postulate
strong local ordering of Ca at X coupled with Cr at Y and
Mg at X coupled with Al at Y) which derives from signifi-
cantly different local distortion of the relevant polyhedra.
Analogously, the volume (Fig. 11) and the distortion

(Table 5) of the Z tetrahedra are also affected by the pres-
ence of smaller (edge-sharing) X dodecahedra. In order to
quantify the relative effects of the two substitutions, we note
in Fig. 10 that the average volume of the Y octahedron in
sample SBB-7P (9.21 Å3) is roughly equivalent to that of
the most grossular-rich samples. Even more notably,
Fig. 12 shows that the effect of the X site is dominant and
eventually determines an overall decrease in the unit-cell
volume. Another trend worthy of note is the rapid increase
in the volume of the Z tetrahedron (Fig. 11, left trend) as a
function of Ca incorporation in the very compact structure
of pyrope-rich garnets. Here again, the high pyrope compo-
nent in sample SBB-7P determines a smaller averaged
volume of the Z tetrahedron than expected based simply
on the grossular (+ uvarovite) component.
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Fig. 4. Chondrite-normalized REE patterns for almandine-rich
garnet samples from this study (black symbols) compared to other
published REE data (gray symbols; Beard et al., 1996; Harte &
Kirkley, 1997; Smit et al., 2014). The gray lines represent averages
of the comparison datasets, and the shaded gray area indicates the
95% confidence interval. These Fe-rich samples (34–41 mol%
almandine) have similar slopes to the pyrope garnets (Mg-rich) but
are lower in absolute values.
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Fig. 5. Chondrite-normalised REE patterns for the garnet samples
with intermediate composition from this study (black symbols)
compared to other published REE data (gray symbols; Beard et al.,
1996; Harte & Kirkley, 1997; Smit et al., 2014). The gray lines
represent averages of the comparison datasets, and the shaded gray
area indicates the 95% confidence interval. The intermediate garnet
compositions are more depleted in HREE and enriched in LREE
(Ce, Nd, and Sm) than the pyrope- or almandine-rich samples.
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Fig. 6. Chondrite-normalised REE patterns for grossular-rich garnet
samples from this study (black symbols) compared to other
published REE data (gray symbols; Harte & Kirkley, 1997; Smit
et al., 2014). The gray lines represent averages of the comparison
datasets, and the shaded gray area indicates the 95% confidence
interval. The Ca-rich garnets (50 mol% grossular component) show
low LREE and HREE contents, but are enriched in MREE.
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Figure 13 shows the effect of the grossular component
on the tetrahedral angle variance (TAV, Robinson et al.,
1971), which is a measure of the angular distortion of the

tetrahedron. The TAV values ranges from 59.01� (SBB-7P,
Pyr72Alm15Grs13) to 43.15� (SRV-1, Pyr28Alm22Grs50).
There is a weak inverse linear correlation, and the major
deviation is again that of sample SBB-7P, confirming its
composition-related distortion. Note that negative scattering
from the curve is always coupled with lower pyr/alm con-
tents. The TAV values for end-member garnets (Table 6)
tabulated by Smyth & Bish (1988) decrease with increasing
X-site cation radius.

4. Discussion

Mantle-eclogite petrogenesis has been a topic of discussion
for over forty years, and REE determinations and concentra-
tions have played a critical role. However, one area of
research that has received little attention is the role played
by the major-elements composition on REE distribution
and concentration. Oberti & Caporuscio (1991) examined
REE distributions in clinopyroxenes from the same suite
of samples. By using SREFs, they showed that the amount
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of Na at the M(2) site has an inverse relationship with total
trivalent REE concentrations. In light of this, we performed
SREFs on the accompanying garnets from the same eclogite
samples to determine whether and how major-element com-
position affects REE incorporation in garnets.
Beard et al. (1996) discussed garnet chemistry in eclogites

from the Mir pipe in Russia. They divided the garnets into
three groups based on Ca contents: low 2.6–5.3 wt%, inter-
mediate 5.3–9.1 wt%, and high 11.7–13.6 wt%. Although
our samples can be fit broadly into the same three groups
and have similar major-element contents, their normalized
REE patterns are strikingly different. Our pyrope- and
almandine-rich samples (Figs. 3 and 4) would be low Ca
garnets according to Beard et al. (1996). The intermediate
samples of Fig. 5 align with their intermediate-Ca garnet
Mg/(Mg + Fe) ratios but have higher CaO contents. Our
grossular-rich samples (Fig. 6) have similar Mg/(Mg + Fe)
ratios but higher CaO contents than their high-CaO group.
Note also that Beard et al. (1996) have no samples in their
suite similar to our high-Cr sample SBB-7P.

Comparing chondrite-normalized REE patterns, our
pyrope- and almandine-rich samples (Figs. 3 and 4) are
broadly similar to the low Ca garnets of Beard et al.
(1996) (low LREE, high HREE). However, our samples
have a slight Nd depletion. Samples in Fig. 5 (intermediate
for both studies) are similar in that they are low in LREE, rise
to highMREE, and then flatten to the HREE. The largest dis-
crepancy involves our grossular-rich samples of Fig. 6.
Whereas the high-Ca garnet diagram (Fig. 5A of Beard
et al., 1996) has the same shape as the intermediate-Ca
diagram, the normalized REE patterns of our grossular-rich
garnets has a significant MREE enrichment, along with
LREE and HREE depletion. We attribute this to the higher
Ca content and larger size of the garnet dodecahedral site
in our suite.
O’Reilly & Griffin (1995) examined trace-element parti-

tioning in a suite of mantle eclogites (and pyroxenites)
including samples from Bobbejaan and Roberts Victor
mines. The focus of their study was to understand whether
Ti, Ni, Zn, Ga, Sr, Y, and Zr may act as indicators of
P–T–X conditions, and to provide data for modeling of melt-
ing/metasomatic events in upper mantle domains. They were
able to strongly correlate Sr and Y incorporation to the Ca
content in garnet. However, O’Reilly & Griffin (1995) did
not suggest a crystal-chemical control exerted by the garnet
structure on the highest Sr or Y concentrations. Unfortu-
nately, these authors did not report REE contents in their
samples.
Harte & Kirkley (1997) investigated trace-element parti-

tioning between clinopyroxene and garnet in mantle eclog-
ites. They recognized that high Ca contents correlate with
increased REE abundances in the garnet but did not discuss
the details of crystal-chemical control. These authors did
state: “Thus as the Ca partition coefficient changes and
places a higher proportion of the available Ca in garnet
rather than the clinopyroxene, so the trace-element partition-
ing becomes more favorable to garnet.” Harte & Kirkley
(1997) did not perform XRD single-crystal refinements
and therefore could not determine geometrical variations
as a function of Ca content in the garnet.
Smit et al. (2014) investigated a suite of 30 eclogite and

garnet pyroxenite xenoliths from the Victor kimberlite in the
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Robinson et al., 1971) as a function of the grossular component.
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Superior Craton of Canada. They parceled their sample suite
into four categories (high-Ca eclogites, low-Mg eclogites,
high-Mg eclogites and pyroxenites). Excluding their pyrox-
enite suite, the REE patterns (Smit et al., 2014, Fig. 5) and
major-element chemistry of their garnets are remarkably
similar to our sample suite. The Smit et al. (2014) high-
Ca garnet show similar middle REE enrichment (Smit
et al., 2014, Fig. 5a) as our high-Ca samples (SRV-1 and
SBB-2H). Their high-Mg garnet have REE patterns that
match those of our pyrope-rich garnets (and some alman-
dine-rich samples). Finally, our intermediate composition
garnets have a similar REE pattern to both some high-Mg
and low-Mg garnets of Smit et al. (2014). These authors
used their REE data, along with major-element and isotopic
data to provide petrogenesis models for their samples. Smit
et al. (2014) did not characterize the pyroxenes or garnets
with SREFs, so did not explain in detail how major-element
chemistry played a role in the partitioning of REE between
the major phases of their xenolith suite (clinopyroxene and
garnet).
Oberti &Caporuscio (1991) examined the REE contents in

clinopyroxenes from the same suite of samples, which have
a jadeite component ranging from 0 to about 50 mol%.
The chondrite-normalized patterns are all LREE/MREE-
enriched and HREE-depleted, and the Na content at the M2
site is inversely related to the total REE content (with the
exception of Cr-rich SBB-7P and SBB-37). Also in that case,
the Cr-rich cpx from sample SBB-7P is strongly depleted in
HREE. The most notable feature of that sampling was the
sporadic presence of vacancy at theM2 site (up to 0.06 apfu),
which is compensated by excess trivalent cations at M1 and
by trivalent REE at M2. Subtle variations in clinopyroxene
LREE relative concentrations are most probably due to
competition with co-crystallizing garnet. Crystal-liquid
(Irving & Frey, 1978; Hanson, 1980) and experimental
(Shimizu, 1980) clinopyroxene Kd values for REE suggest
preference of MREE by the solid phase. The data presented
here are consistent with the REE distributions between garnet
and clinopyroxene representing equilibration at mantle
pressures (3–6 GPa) and reflect the effect of Ca enrichment
on the MREE contents of the garnets. Thus, the slight MREE
enrichment and relatively flat HREE normalized REE

distributions reflect the garnet crystal chemistry rather than
a possible plagioclase precursor (Jacob et al., 2003). Few
constraints can be placed on the ultimate petrogenesis other
than the whole-rock compositions being roughly consistent
with MORB liquids. It is possible that the rocks initially
crystallized at crustal pressures and were subsequently
recrystallized on subduction (Helmstaedt & Schultze, 1991;
Jacob et al., 2003) or at mantle pressures (Smyth et al.,
1989; Keller et al., 2017).
Wildner & Andrut (2001) investigated the crystal struc-

tures of six birefringent uvarovite–grossular garnets from
Russia, and found that all samples violate the cubic garnet
space group Ia-3d. They state that this violation is due to
partial long range Cr3+/Al ordering in the Y octahedron.
However, those garnets contain 48–71 mol% uvarovite com-
ponent. This is much higher than that of sample SBB-7P
(9.5 mol%) but even at this lower amount geometrical
descriptors are affected by the Cr substitution for Al at Y.
Finally, several experimental and modelling studies have

also examined crystal-chemical controls on garnet REE
incorporation. Van Westrenen et al. (1999) investigated
REE partitioning between garnet and anhydrous silicate
melt. They synthetically created garnets along the pyrope–
grossular join and doped the runs with high concentrations
of REE (along with other trace elements). They determined
that the X site follows the radius and charge constraints for
incorporating trace elements put forward by Blundy &
Wood (1994). In the Van Westrenen et al. (2000) research
on atomistic simulation of trace-element incorporation into
garnet structures, the authors demonstrated that static lattice
energy simulations on end-member garnets reproduce trends
in their high P, T garnet–melt partitioning experiments.
Further work by Van Westrenen et al. (2001a) developed
a predictive thermodynamic model of garnet–melt trace-
element partitioning using published garnet–melt pairs and
atomistic simulations. Van Westrenen et al. (2001b) also
used their garnet–melt trace-element partitioning data based
on atomistic modeling to investigate REE fractionation
during partial melting of garnet-bearing mantle rocks. Local
cation environments of the pyrope–grossular solid-solution
series were then investigated by ab initio calculations
(Freeman et al., 2006). Their results show the crucial

Table 6. Crystallographic parameters of four garnet end-members – Pyrope, Almandine, Grossular, and Uvarovite (Smyth & Bish, 1988),
compared to sample SBB-7H, which contains over 5.7 wt% Cr2O3.

Crystallographic parameters Pyrope Almandine Grossular Uvarovite SBB-7P

a (Å) 11.459 11.531 11.845 11.988 11.545
V (Å3) 1504.7 1533.2 1661.9 1722.8 1538.8
X-site volume 20.14 20.93 23.88 24.48 20.81
Y-site volume 8.937 9.086 9.491 10.413 9.205
Z-site volume 2.192 2.172 2.261 2.257 2.189
X1–O (Å) 2.197 2.220 2.310 2.360 2.218
X2–O (Å) 2.343 2.378 2.490 2.499 2.372
Aver. X–O (Å) 2.270 2.299 2.405 2.429 2.295
Y–O (Å) 1.887 1.896 1.924 1.985 1.905
OQE 1.0014 1.0004 1.0007 1.0007 1.0007
Z–O (Å) 1.635 1.628 1.645 1.643 1.634
TQE 1.0150 1.0134 1.0073 1.0058 1.0144
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influence of the local environment of individual cations on
the structure and energetics of the crystal structure. Draper
& Van Westrenen (2007) developed a predictive model
using lattice strain theory for garnet–melt partitioning of
trivalent cations to be used to model anhydrous partial
melting processes. The modeling was applied successfully
up to 9 GPa. Draper & Van Westrenen (2007) stated that
this was an improvement on the Van Westrenen et al.
(2001a) model. The experimental work and subsequent
modeling endeavors discussed above point to the effect that
the garnet X site has on trace-element substitution.
However, the simplified chemical system and REE doping
to 10 times natural levels in these experimental studies
may limit the relevance of these results to the current study.

5. Conclusions

Major- and trace-element chemistry and SREF were com-
bined to investigate the effects of major-element chemistry
on the type and quantity of REE incorporation into the X
site of mantle-derived eclogite garnets. Previous authors
(Beard et al., 1996; O’Reilly & Griffin, 1995; Harte &
Kirkley, 1997; Smit et al., 2014) characterized REE concen-
trations of garnets in mantle eclogites, but did not relate
these to crystal structure variation. They recognized that
high Ca contents in garnet increase REE abundances in
the garnet but did not discuss the details of crystal-chemical
control. The polyhedra available in the garnet structure are
connected by extensive edge-sharing between the dodecahe-
dron and the tetrahedron and octahedron, so that incorpora-
tion of an exotic cation in a given individual site affects also
the geometry of the other polyhedra. As expected, the length
of the X–O distances increase with increasing Ca content at
the X site. Because of edge-sharing, increased Ca contents
correlate with increases in the Y–O and Z–O distances even
though these sites have an almost constant composition in
the present sampling. Inspection of the trends observed for
the unit-cell and site volumes is far more informative.
Because of the flexibility of the garnet structures, this min-
eral group has the ability to incorporate significant amounts
of large-radius cations in place of the major elements.
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