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For understanding both the environmental behavior and
developing remediation treatments for chromium ore
processing residue (COPR) it is important to identify all
the potentially soluble sources of Cr(VI). Hydrogarnet has
been identified as a major phase in COPR and it has
been previously speculated that it has a capacity to host
Cr(VI). Here we provide direct evidence of this capacity by
demonstrating the incorporation of Cr(VI) into laboratory
synthesized hydrogarnet. Electron microscopy and energy
dispersive X-ray microanalysis show incorporation of
approximately 17 000-22 000 mg Cr(VI) kg-1 hydrogarnet.
X-ray powder diffraction data show that peak intensities are
altered by chromium substitution and that chromium
substituted hydrogarnets have a smaller unit cell than the
pure Ca-Al end member. This is consistent with
substitution of hydroxyl tetrahedra by smaller chromate
tetrahedra. Electron energy loss spectroscopy confirms the
tetrahedral coordination and hexavalent oxidation state
of chromium in the hydrogarnets. The maximum amount of
hexavalent chromium that can be introduced synthetically
corresponds to a replacement of about one out of
every eight hydroxyl tetrahedral per unit cell by a CrO4

2-

tetrahedra and tallies closely with the amount of chromium
measured in hydrogarnets from COPR. Chromium-bearing
hydrogarnet is the most abundant crystalline phase in millions
of tons of COPR contaminating land around Glasgow,
Scotland, and was recently identified in COPR from sites
in North America. Calculations based on its abundance and
its Cr(VI) content indicate that hydrogarnet can host as
much as 50% of the Cr(VI) found in some COPR samples.

Introduction
In previous work on the solid-state speciation of chromium
in chromite ore processing residue (COPR) we have shown
that chromium is associated with several crystalline mineral
phases (1) known to have contrasting physicochemical
properties. For Cr(VI), one of the minerals implicated was a
hydrocalumite type phase, a calcium/aluminum layered
double hydroxide, known to have anion exchange properties
and subsequently shown to exchange chromate with sulfate

in laboratory experiments (2). Calculations based on quan-
titative mineralogical analysis of COPR and hydrocalumite
compositions from sites in Scotland (1) indicate that around
4000 mg kg-1 Cr(VI) is held in an exchangeable form in
hydrocalumite. However, observations also suggested (1) that
a similar amount of Cr(VI) was associated with hydrogarnet,
a calcium aluminate common in many high pH wastes, which
has no known anion exchange properties. It was speculated
that Cr(VI) was structurally incorporated in hydrogarnet (1).
The garnet structure consists of alternating tetrahedra and
octahedra which share corners to form a three-dimensional
network. In classic rock-forming garnets the tetrahedra are
silica SiO4

4- tetrahedra, whereas in hydrogarnet the tetrahedra
are composed of four hydroxyls, H4O4

4-. Octahedral sites in
garnets are occupied by trivalent cations such as aluminum
in 6-fold coordination. The cavities formed between the
corner-sharing tetrahedra and octahedra have the shape of
distorted cubes and contain divalent cations, such as calcium
in 8-fold coordination. As an example, the end member
hydrogarnet, known by its mineralogical name of katoite,
has an ideal formula unit of Ca3Al2(H4O4)3 and there are eight
such formula units per unit cell (3). Hydrogarnet is a common
phase observed in high-alumina cements (4) and in the
cement literature this phase is written in a shorthand
notation, C3AH6, denoting its oxide molar ratio, i.e., 3 mol of
CaO, 1 mol of Al2O3, and 6 mol of H2O.

In addition to its occurrence in cements, hydrogarnet
occurs in a wide variety of other high pH environments and
industrial waste streams. In COPR in Scotland it typically
occurs as the main crystalline phase averaging around 25%
by weight (1) and its presence has been recently confirmed
(up to around 18 wt %) in COPR from New Jersey (5) in the
United States. Hydrogarnet is also found in “muds” produced
during the Bayer process (6), blast furnace slags (7), and
lime-treated fly ashes (8), as well as in numerous situations
where cement is used in the immobilization and containment
of toxic wastes, including radioactive waste repositories (9).
In all of these systems a variety of toxic metals and metalloids,
including chromium, are present as oxyanions. As a result
there have been numerous studies devoted to elucidating
the mechanisms that affect the mobility of Cr(VI) in cement-
based matrices (10-15). In this work we describe the
laboratory synthesis of hydrogarnet in the presence of
chromate and provide evidence for the incorporation of
hexavalent chromium into the synthesized hydrogarnet
phase. The results are clearly important because, although
hydrogarnet is very stable in high pH environments and thus
may immobilize Cr(VI), it dissolves readily as pH levels drop
and then becomes a source of any Cr(VI) incorporated in its
structure. This is of obvious importance in relation to efforts
to model and understand the mobility of Cr(VI) in a wide
variety of high pH systems where hydrogarnet is likely to
form, as well as informing technologies designed to remediate
land contaminated with COPR.

Materials and Methods
Synthesis of Hydrogarnet. Calcium aluminum hydrogarnets
were synthesized using an appropriate stoichiometric mixture
of CaO (Alfa Aesar 010923) and Al2O3 γ-alumina (BDH
100084D). The reagents were carefully weighed, ground, and
mixed in an agate mortar and pestle, sealed in Teflon bombs
with 20 mL of deionized water, and reacted at 150 °C in an
oven for 6 days. Replicate experiments were performed in
which chromate was added to the system as CaCrO4 (Alfa
Aesar 043333). For experiments made with CaCrO4, the
quantity of CaO was adjusted accordingly so as to maintain
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the Ca/Al molar ratio (3/2) appropriate for pure hydrogarnet.
Three different chromate concentrations were tested: one
corresponding to the stoichiometric proportion of chromate
required to replace one in every 24 hydroxyl tetrahedra in
the hydrogarnet unit cell, the second corresponding to a
substitution of one in 12, and the third corresponding to a
one in 3 replacement. The first of these concentrations was
chosen because it corresponded approximately with the
amount of chromium substitution observed in hydrogarnets
found in the COPR studied by Hillier et al., (1), while the
second and third concentrations were chosen so as to
investigate the upper solubility limit of Cr(VI) in hydrogarnet.
For brevity the chromium runs are hereafter referred to as
1/24, 1/12, and 1/3. Altogether, twelve runs were made, three
without chromium, four each at the 1/24 and 1/12 concen-
trations, and one at the 1/3 concentration.

Scanning Electron Microscopy. Selected run products
were carbon coated and examined by scanning electron
microscopy (SEM) in a Philips XL20 instrument using
secondary electron imaging and an accelerating voltage of
20 kV; qualitative elemental analysis was performed by energy
dispersive X-ray (EDX) analysis using an Oxford Instruments
Si(Li) energy dispersive spectrometer. Three of the samples
synthesized in the presence of chromate were also examined
as polished thin sections prepared by encapsulating the
powder products in epoxy resin.

X-ray Powder Diffraction. X-ray powder diffraction
(XRPD) data were collected on a Panalytical Expert Pro
diffractometer, equipped with an X’celerator position-sensi-
tive detector. All samples were mounted in 1 cm circular
cavity holders, and spun at 30 rpm during data collection
using Ni filtered Cu radiation. Scans were made between 5
and 75° 2Θ, using a 0.5° divergence slit and step size of 0.017°,
counting for 100 s per step. Subsamples were spiked with
National Bureau of Standards 640a silicon powder as an
internal d-spacing standard. Phases were identified via
comparison with patterns in the Powder Diffraction File, set
44, International Centre for Diffraction Data, 2001. Selected
samples were ground in an agate mortar and pestle to further
reduce particle size and mounted in thin-walled 0.5 mm
diameter glass capillaries. The capillaries were spun at 300
rpm and examined in transmission geometry, using Cu KR1
radiation selected by an incident beam hybrid monochro-
mator; the instrument and detector were the same, however,
the count time was increased to 500 s per step so as to increase
precision. Peak height intensity was measured on background
subtracted patterns using the peak search routine of the
Bruker Eva Diffrac-Plus software. Unit cell parameters for
hydrogarnet were refined with the Bruker AXS program Topas
version 2.1, using the LeBail method and space group Ia3d.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was carried out using an FEI CM200
field emission gun instrument operated at 200 kV and fitted
with an ultrathin window Oxford Instruments EDX detector
and Gatan GIF200 electron energy loss spectroscopy (EELS)
imaging filter. The specimens were prepared by dispersing
and grinding the samples in methanol in an agate mortar
and pestle and pipetting a few drops onto a copper TEM grid
coated with a thin, holey amorphous carbon film. Thin sample
areas overhanging holes in the support film were imaged
and spectroscopically analyzed using EELS and EDX analysis.
EEL spectra were recorded in selected area diffraction mode
from single-crystal regions of approximately 170 nm in
diameter using convergence and collection angles of <1 mrad
and 6 mrads respectively. Both EDX and EELS spectra were
quantitatively analyzed.

Results
Scanning Electron Microscopy. Examination by SEM showed
that hydrogarnet was the main phase produced in both the

Ca-Al and in the Ca-Al-Cr based systems. Visually the Ca-
Al -based products were white powders, whereas the Ca-
Al-Cr-based products were all bright yellow. None of the
runs examined were completely pure hydrogarnet, all
contained various minor impurities which exhibited platy
habits, indicative of layered structures. Hydrogarnets syn-
thesized in the presence of chromate consistently crystallized
in a dodecahededral form, whereas those synthesized in the
absence of chromate crystallized in a combined dodecahe-
dral-trapezohedral form (Figure 1). Some images of hydro-
garnets with an octahedral form as found in COPR are shown
in Figure 1 for comparison. Qualitative chemical analysis by
EDX spectroscopy revealed that a small amount of chromium
was always present in hydrogarnet crystals synthesized in
the presence of chromium. Chemical mapping by EDX
spectroscopy of polished sections of hydrogarnet crystals
embedded in resin indicated that this incorporation of
chromium was present throughout the projected area of the
crystals (Figure 2). Qualitatively, the amount of chromium
incorporated into the hydrogarnets appeared to be of similar
level, irrespective of the original amount of chromium in the
starting materials.

X-ray Powder Diffraction. XRPD confirmed that hydro-
garnet was the main component in the products of all runs.
Minor to trace amounts of portlandite (Ca(OH)2) and
boehmite (AlOOH) were found to be common impurities in
many runs and, in runs containing chromium in excess of
1/24, an unnamed layered calcium chromate (PDF 42-0063),
was commonly observed. This latter phase was also observed
to be more abundant than hydrogarnet in the single run
performed at a 1/3 concentration. Furthermore, the latter
run, was also the only one in which unreacted calcium
chromate was observed. In two of the chromium runs a peak
at around 0.785 nm indicated the probable presence of a
hydrocalumite-type phase, presumably a chromium-bearing
hydrocalumite similar to that observed in COPR (1, 5).
Comparison of the XRPD patterns of chromium- and non-
chromium-bearing hydrogarnets indicated that the chro-
mium-bearing examples had a significantly smaller unit cell
size (Figure 3). Precise measurements indicated a cell edge
length of 1.25760(3) nm for Ca-Al hydrogarnet, whereas cell
edge lengths for those hydrogarnets synthesized in the
presence of chromate were shorter by comparison, ranging
between 1.25563(2) and 1.25594(4) nm (the number in
parenthesis is the esd of the last digit). The relative X-ray
peak intensities for the chromium and non-chromium
bearing hydrogarnets were also notably different (See Sup-
porting Information Table S1), particularly for the low angle
peaks (e.g., (211), (220), (321), (400), and (420) peaks).
Assuming preferential orientation effects can be ignored
(XRPD peak intensity data were measured with capillary
samples), this finding could be taken as evidence for a change
in the X-ray structure factors, F(hkl), due to substitution of
Cr.

Transmission Electron Microscopy. An example of a
Bright Field TEM image and the selected area diffraction
pattern from the hydrogarnet crystal in the top right corner
is shown in Figure 4. The diffraction pattern indexes to
hydrogarnet crystal structure oriented along the [3h51] zone
axis and exhibits a forbidden (103) reflection which could
possibly be due to the inclusion of Cr in the unit cell. In the
light of the XRPD data, specifically the observed increase in
(211), the observation of intensity in the (103) spot could be
explained by double diffraction in the electron diffraction
pattern, i.e., two (211) type diffraction events, e.g., (211) +
(1h1h2) ) (103). All EDX spectra from the hydrogarnet-type
phase were similar to the one shown in Figure 4; these
exhibited an approximate metal composition, in terms of
atom%, of Al 40-42%, Ca 55-57%, and Cr 2-3.5%.
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Figure 5 shows the detail of the electron energy loss near
edge structure (ELNES) Cr L2,3-edge spectral region both as
recorded (inset in Figure 5) and following background
subtraction. Note the data shown in Figure 5 are somewhat
noisy due to both the low levels of Cr present, and the
requirement of avoiding specimen damage (as observed at
the O K-edge, see Supporting Information). As the Cr L2,3-
edge is small and is superimposed on the background of the
preceding oxygen K-edge, it is extremely difficult to subtract
a reliable background beneath the Cr L2,3-edge. However, as
the oxygen K-edge is only smoothly varying in this region
and, for the purposes of the identification of the Cr valency
and coordination, we are only really interested in the shape
and the energy position of the Cr L2,3-edge, Figure 5 simply
displays the result of an approximate background subtraction.
The spectrum in Figure 5 reveals that the main Cr L3 peak
exhibits a maximum slightly above 580 eV together with a
lower energy pre-peak or shoulder. The higher energy L2

peak at around 590 eV has a similar, albeit broader, form.
This distinctive Cr L2,3-ELNES has been observed previously
(16, 17) and may be related to transitions from the chromium
2p level to the unoccupied e and t2 molecular orbital structure
of a transition metal in tetrahedral coordination. The energy
position of the main Cr L3-peak maximum together with the
shape and intensity ratio of the Cr L3- and Cr L2- white lines
would both tend to indicate that Cr in hydrogarnet exists
predominantly in the +VI oxidation state tetrahedrally
coordinated to oxygen as the overall shape (notably the low
energy shoulder) is very similar to that observed in the
chromates PbCrO4 and K2CrO4 (16, 17). In the latter works
the energy position of the main Cr L3 peak maximum in
PbCrO4 is quoted as being 580.9 eV (16), while the corre-
sponding energy in K2CrO4 is quoted as being 581.6 eV (17);

note that both these spectra were recorded at energy
resolutions different from that of the current work, one higher
and one lower, respectively, which may slightly alter the
position of the main peak maximum. Furthermore, the
spectrum in Figure 5 is distinctly different from Cr in the III+
oxidation state in octahedral coordination to oxygen as is
observed in spectra from say Cr2O3 (17, 18) where the Cr L3

peak maximum is measured to be 579.0 eV and there is an
absence of a clear low energy shoulder. Note that the splitting
of the L3 peak in the Cr L2,3-ELNES displayed in Figure 5 is
perhaps slightly less than observed in the chromates PbCrO4

and K2CrO4 (16, 17), which may perhaps suggest the presence
of a longer Cr-O bond length in the case of the chromium-
substituted hydrogarnet.

Discussion
Evidence for Chromate Substitution in Hydrogarnet. Hillier
et al., (1) have suggested that a substantial proportion of the
hexavalent Cr present in the COPR they studied was hosted
in hydrogarnet. This inference was based on both stoichio-
metric considerations and indirectly on constraints from
X-ray absorption near edge structure (XANES) studies of bulk
COPR. Thus chromium was consistently identified as a
component of hydrogarnet in COPR by microprobe analysis.
Structural formulas calculated assuming that chromium was
hexavalent and substituting in tetrahedral sites gave octa-
hedral totals much closer to ideal (2 cations per formula
unit) than if a trivalent oxidation state and octahedral
substitution was assumed (1). XANES results indicated that
approximately 30% of total chromium in the bulk COPR
material was present as Cr(VI) (19). The agreement between
the XANES results and data on the solid-state speciation of
chromium, derived from quantitative mineralogical analysis,

FIGURE 1. Examples of secondary electron SEM images and EDX spectra of synthesized hydrogarnets, without chromate (A) and with
chromate (1/24) (B). Also shown for comparison are a secondary electron image (C) and a backscattered electron image (D) of hydrogarnets
(most obvious in the center of the latter image) from COPR collected from Glasgow, Scotland.
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is improved if a hexavalent oxidation state for the chromium
present in hydrogarnet is assumed (1). On both counts the
evidence for the oxidation state of chromium in the hydro-

garnet in COPR is nonetheless indirect and Hillier et al., (1)
duly noted this uncertainty. In terms of structural formulas
the amount of chromium present in COPR hydrogarnets is

FIGURE 2. Backscattered electron image of polished thin section, and corresponding EDX maps showing the distribution of aluminum,
calcium, and chromium in cross sections through numerous synthesized hydrogarnet particles.

FIGURE 3. Portion of the XRPD patterns of two hydrogarnets, one synthesized with and one without Cr(VI), showing the obvious difference
in d-spacings (and therefore unit cell size) with respect to the NBS640a silicon standard.
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relatively small (a mean of 0.17 atoms per formula unit (1)),
but because hydrogarnet is the most abundant phase in this
COPR, ranging from about 20 to 30% by weight, it hosts in
the order of 4000-6000 mg kg-1 of chromium. This is
approximately 10-15% of total chromium in this COPR. Thus
if the chromium present in hydrogarnet is indeed Cr(VI), as
postulated (1), then hydrogarnet is quantitatively as important
a reservoir of hexavalent chromium in this material as the
other major host of Cr(VI), i.e., hydrocalumite. In the case
of hydrocalumite, however, Cr(VI) is held as an exchangeable
anion whereas in hydrogarnet the chromium is incorporated
in the structure. In the context of understanding processes
controlling the release of Cr(VI) from COPR (20) and the
potential for successful future remediation, the importance
of confirming the oxidation state of chromium in substituted
hydrogarnet is clear.

COPR is a complex mixture of at least ten crystalline phases
together with a substantial X-ray amorphous component and
with Cr(IV) present in several forms. The analysis of COPR
to further investigate the oxidation state of chromium in

hydrogarnet is confounded by the complexity of this mixture.
The alternative approach that we have adopted was to
synthesize hydrogarnet in the presence of a source of Cr(VI)
to determine if hexavalent chromium could be incorporated
into the synthetic hydrogarnet structure.

The starting material for the hydrogarnet synthesis
contained calcium chromate (chromatite) as the source of
Cr(VI) and analyses of the run products by SEM showed that
chromium is indeed incorporated into the synthetic hydro-
garnets. Chemically, a change in the oxidation state of
chromium over the duration of the experiment is unlikely
since the conditions of synthesis favor maintaining Cr in the
hexavalent form. The estimated pH of the mixture is in the
region of 12, ensuring that CrO4

2- was the predominant
species. Furthermore the mixture did not contain any
reducing agent so Cr(III) species would not have been
produced. The redox transformation of Cr(VI) into Cr(III)
can only take place in the presence of another redox couple
(21) which provides the three electrons required to reduce
CrO4

2- into Cr(III). Qualitative SEM EDX results, including
the elemental X-ray mapping of sections through the
synthetic hydrogarnet crystals, clearly demonstrate that some
chromium has been incorporated into the body of the
hydrogarnets. From the known chemistry of the system it
can be confidently presumed that this is incorporated as
Cr(VI).

We are not aware of any previous reports of Cr(VI)
substitution in hydrogarnet. Indeed, He and Suito (12)
commented that chromium was absent in hydrogarnets
formed by the hydration of tricalcium aluminate (C3A) in
solutions containing an initial 50 ppm Cr(VI). These experi-
ments (12) were conducted for a period of 30 h at 20 °C and
the concentration of Cr(VI) in solution was observed to drop
rapidly to less than 0.5 ppm within 6 h. Cr(VI) was
incorporated into an abundant hydrocalumite phase that
was present in the run products along with hydrogarnet.
Hydrocalumite (AFm in cement notation) phases are often
observed as the first hydration products of calcium alumi-
nates and subsequently convert to hydrogarnet (4). Thus, in
these experiments (12) the concentration of Cr(VI) may have
been rapidly reduced by the initial formation of hydrocalu-
mite, preventing its incorporation into hydrogarnet over the
duration of the experiment, since hydrocalumite was still a
major phase when the runs were terminated.

In contrast, hydrogarnets with trivalent chromium sub-
stituting in octahedral sites have been synthesized previously
(10) including a strontium chromium hydrogarnet (22).
Kindness et al. (10) reported a value of 1.2624 nm for the cell
edge length of a Cr(III)-substituted hydrogarnet with an Al/
Cr ratio of ∼0.6. They noted that the unit cell was larger than
that for pure calcium-aluminum hydrogarnet, taken as
1.25727 nm by reference to data in the Powder Diffraction
File (PDF 24-217). Other examples of precisely measured
unit cell parameters for pure hydrogarnet at ambient
conditions indicate values around 1.257 nm, for example
Lager et al. (23) give a value of 1.25731(2) nm. In the present
investigation, we found that the size of the unit cell of
hydrogarnet synthesized in the presence of chromate was
significantly smaller than literature values for pure Ca-Al
hydrogarnet (katoite). Direct comparison of XRPD patterns
from pure and from Cr-bearing hydrogarnet, synthesized
and analyzed under precisely the same experimental condi-
tions, provides an unequivocal illustration of this result
(Figure 3). The difference in the unit cell size between the
absence and presence of chromium suggests that chromium
has substituted into the hydrogarnet structure. Based on the
SEM evidence alone, factors such as occlusion of another
phase during precipitation and growth could not be excluded
as the mechanism of chromium incorporation. In rock-
forming garnets and in synthetic garnets it has been shown

FIGURE 4. TEM Bright field image of hydrogarnet crystal and
corresponding indexed diffraction pattern viewed down [3h51]. Insert
is TEM-EDX spectrum of hydrogarnet . Metal Quantification (atom%)
42.3% Al, 55.4% Ca, 2.3% Cr, note Cu (and Zn) at ca. 8 keV are
artifacts arising from stray scattering from the TEM sample holder
and the TEM support grid.

FIGURE 5. Cr L2,3-ELNES spectrum after approximate background
subtraction before the edge on the decreasing signal of the oxygen
K-edge; inset is the same EELS spectrum before background
subtraction.
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that the hydrogarnet substitution (H4O4
4- S SiO4

4-) in terms
of katoite and grossular end members causes the expansion
of the tetrahedral site as the katoite component increases
with a consequent increase in the unit cell size (24-26). In
the end member, katoite, all tetrahedra are composed of
four hydroxyls and all tetrahedral sites are vacant. The
reduction in the size of the unit cell observed in the present
study is therefore compatible with a substitution into the
tetrahedral site, in a manner analogous to the substitution
of silicon into this site in grossular-katoite solid solutions.
Chromium substitution into the tetrahedral site effectively
as a chromate anion is the obvious candidate. Indeed the
bond lengths of Si-O and Cr-O would be expected to have
similar values of around 0.16 nm (27, 28) and therefore similar
effects on unit cell size. It is also worth noting that
observations by Omotoso et al. (29) led them to speculate
that small amounts of Cr(VI) may occupy tetrahedral sites,
normally occupied by Si, in the X-ray amorphous C-S-H
phase produced by hydration of tricalcium silicate. Others
though have discounted any significant role for this phase
in chromium uptake (10, 12).

Increasing the concentration of chromate in the laboratory
experiments failed to result in a concomitant increase in
chromium incorporated into the hydrogarnets. Instead the
coprecipitation of other chromium-bearing phases was
observed. This behavior indicates that the substitution of
Cr(VI) into hydrogarnet is most likely limited by crystal-
lochemical constraints. As pointed out previously (1), the
tetrahedral structure of the chromate anion is likely to be a
factor enabling it to substitute for hydroxyl tetrahedra. It
would also lead to a local charge imbalance requiring
compensation by either fewer hydroxyls or fewer cations in
other sites, a factor likely to limit the extent of the substitution.
The Ca/Al ratio of hydrogarnet single crystals measured by
EDX in the TEM is within experimental error (approximately
5-10%) of the expected ratio (ideally 3/2) for hydrogarnet.
If the measured chromium is alternatively assumed to
substitute for aluminum in octahedral sites, a greater
deviation from the expected ratio would result and should
have been detected, which suggests that it does not. It is also
notable that the extent of substitution observed in the
laboratory synthesized hydrogarnets by TEM/EDX, at 2-3.5
atom percent chromium, corresponds very closely with that
observed in the hydrogarnets formed in the field at COPR-
contaminated sites (1).

Finally, the EELS data collected on individual hydrogarnet
crystals provide direct spectroscopic evidence that the
chromium incorporated into the hydrogarnets is tetrahedrally
coordinated and in the hexavalent form. Taken together with
the SEM and the XRPD data, the evidence for the ability of
hydrogarnet to accommodate a limited amount of Cr(IV) in
its structure is compelling.

Environmental Implications. The importance of under-
standing the interaction and incorporation of chromate in
phases common in high-pH environments, such as hydro-
calumite (AFm) and ettringite (AFt), has been widely rec-
ognized in the literature (10, 12, 15, 30-32). In a recent review
evaluating the potential of ettringite and hydrocalumite in
relation to the immobilization of heavy metals (14) hydro-
garnet was discounted as a phase with a potential role in the
immobilization of hazardous oxyanions. Our evidence for
the incorporation of chromate in the hydrogarnet structure
indicates that this view requires revision.

Our results show that about 1 atom of Cr(VI) per unit cell
may be incorporated into synthesized hydrogarnet. On the
basis of a structural formula expressed as Ca3Al2(H4O4)3 (recall
that there are eight such formula units in the unit cell) this
equates to 0.125 atoms Cr(VI). On this same basis, Hillier et
al. (1) recorded a mean value of 0.17 atoms of chromium in
COPR hydrogarnet. These values equate to approximately

17 000-22 000 mg Cr(VI) kg-1 of hydrogarnet. The signifi-
cance of this amount of Cr(VI) incorporation can be judged
from characteristics of the COPR deposits around Glasgow,
where it is estimated that 2.5 × 106 tons of COPR have been
used as landfill (33), with typical hydrogarnet contents of
more than 20% by weight (1). Furthermore, a recent
quantitative mineralogical study of New Jersey COPR (5)
records a clear deficit with respect to the total amount of
Cr(VI) that can be accounted for if hydrocalumite type phases
are considered as the only mineralogical hosts for Cr(VI).
Hydrogarnet accounts for up to 18 wt % of these samples.
We are not aware of any data on whether the hydrogarnet
in these samples contains chromium, but it was noted (5) as
one possible additional host for Cr(VI). Based on our results,
we speculate that it is likely to be a host of some importance
for a large part of the Cr(VI) that (in terms of which solid
phase it is associated with) is otherwise unaccounted for (5).

In a wider context it is also tempting to speculate that
other metal and metalloid oxyanions that are commonly
tetrahedrally coordinated, for example As, Mo, and Se, may
also be able to substitute to a limited extent into the
hydrogarnet structure. This suggests a possible and hitherto
overlooked role for hydrogarnet in relation to the mobility
and availability of such elements in a wide variety of materials.
Indeed, although layered double hydroxides such as hydro-
calumite phases have been identified as important phases
governing the behavior of hexavalent chromium in COPR (1,
2, 5) these phases are often transitory to hydrogarnet as a
more stable phase (4). Our results imply that any factors that
either promote or adversely affect hydrogarnet stability are
likely also to affect the behavior of Cr (VI) in COPR.
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