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Abstract

The nominally anhydrous, calcium-silicate garnets, grossular (Ca3Al2Si3O12), andradite 
(Ca3Fe2

3+Si3O12), schorlomite (Ca3Ti2
4+[Si,Fe2

3+]O12), and their solid solutions can incorporate structural 
OH-, often termed “water.” The IR single-crystal spectra of several calcium silicate garnets were re-
corded between 3000 and 4000 cm–1. Spectroscopic results are also taken from the literature. All spectra 
show various OH- stretching modes between 3500 and 3700 cm–1 and they are analyzed. Following 
the conclusions of Part I of this study, the garnets appear to contain local microscopic- and nano-size 
Ca3Al2H12O12- and Ca3Fe2

3+H12O12-like domains and/or clusters dispersed throughout an anhydrous 
“matrix.” The substitution mechanism is the hydrogarnet one, where (H4O4)4– ↔ (SiO4)4–, and various 
local configurations containing different numbers of (H4O4)4– groups define the cluster type. A single 
(H4O4) group is roughly 3 Å across and most (H4O4)-clusters are between this and 15 Å in size. This 
model can explain the IR spectra and also other experimental results. Various hypothetical “defect” 
and cation substitutional mechanisms are not needed to account for OH- incorporation and behavior 
in garnet. New understanding at the atomic level into published dehydration and H-species diffusion 
results, as well as H2O-concentration and IR absorption-coefficient determinations, is now possible 
for the first time. End-member synthetic and natural grossular crystals can show similar OH- “band 
patterns,” as can different natural garnets, indicating that chemical equilibrium could have operated 
during their crystallization. Under this assumption, the hydrogarnet-cluster types and their concen-
trations can potentially be used to decipher petrologic (i.e., P-T-X) conditions under which a garnet 
crystal, and the rock in which it occurs, formed. Schorlomites from phonolites contain no or very minor 
amounts of H2O (0.0 to 0.02 wt%), whereas Ti-bearing andradites from chlorite schists can contain 
more H2O (~0.3 wt%). Different hydrogarnet clusters and concentrations can occur in metamorphic 
grossulars from Asbestos, Quebec, Canada. IR absorption coefficients for H2O held in hydrogrossular- 
and hydroandradite-like clusters should be different in magnitude and this work lays out how they can 
be best determined. Hydrogen diffusion behavior in garnet crystals at high temperatures is primarily 
governed by the thermal stability of the different local hydrogarnet clusters at 1 atm.

Keywords: Andradite, grossular, schorlomite, nominally anhydrous minerals, hydrogarnet clusters, 
IR spectroscopy, H2O, metamorphism; Water in Nominally Hydrous and Anhydrous Minerals

Introduction

In Part I (Geiger and Rossman 2020a) of this work it was 
argued that micro- to nano-size hydrogrossular- and hydroan-
dradite-like clusters can be found in the nominally anhydrous 
garnets grossular, andradite, and their solid solutions. The discus-
sion, therein, concentrated largely on analyzing the vibrational 
behavior of the OH- dipole and its spectroscopic nature, assign-
ing various OH- stretching modes observed in IR spectra and 
constructing a local crystal-chemical cluster model for garnets 
within the compositional system Ca3Al2Si3O12-Ca3Fe2

3+Si3O12-
Ca3Al2H12O12-Ca3Fe2

3+H12O12. In this Part II, the focus of our 
research is more applied and we concentrate our efforts on dif-
ferent mineralogical, petrological, and geochemical aspects of 

the new findings and proposals. Original scientific understanding 
is obtained because the cluster model explains IR spectra and, 
furthermore, it permits an atomistic interpretation of many varied 
experimental results obtained on the nature of “water” in various 
calcium silicate garnets over many years. The amount of data 
and results that are available is wide ranging. Considerable and 
diverse research has been undertaken on OH--bearing garnets 
over the last approximate four decades. And, here, it should be 
noted that of the many grossular samples that have been studied 
by IR spectroscopy, that we are not aware of any “water”-free 
crystals. Much has been learned, but much is still not understood. 
What has been done?

In short, there have been: (1) several analytical compositional, 
diffraction, and spectroscopic studies undertaken that describe 
the structural and crystal-chemical properties of many various 
calcium silicate garnets (see references in Part I and in this 
work). (2) Experimental studies made to determine hydrogen or 
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hydrogen-species diffusion (and deuteration) behavior in both 
grossular (Kurka et al. 2005; Phichaikamjornwut et al. 2011; 
Reynes et al. 2018) and andradite (Zhang et al. 2015) crystals 
following heating. And (3) investigations made to determine H2O 
concentrations in grossular and in determining its IR absorption 
coefficient (Rossman and Aines 1991; Maldener et al. 2003; 
Reynes et al. 2018).

It turns out that all these studies were hampered, greatly or in 
part, though, because it was not understood how H+ or OH- was 
incorporated in the garnets being studied. It was generally as-
sumed that “defects” and various coupled-chemical-substitution 
mechanisms controlled hydrogen incorporation in calcium sili-
cate garnets. The cluster model introduced in Part I allows new 
interpretations and understanding of IR spectra, proton order, 
hydrogen-diffusion, and H2O concentration determinations. 
Moreover, first petrological and geochemical implications and 
conclusions can be drawn from IR spectra of different calcium 
silicate garnets and the types and concentrations of the clusters 
that they contain.

Samples and experimental measurements
The garnet samples investigated via IR spectroscopy for this study and in the 

past at CIT are described in Table 1. The experimental IR single-crystal measure-
ments are described in Part I. Spectral results were curve fit using the WiRE program 
of Renishaw that is part of their Raman systems. Spectra with sloping baselines 
were first manually baseline-corrected using the Wire program.

Results

Figures 1 to 5 show IR single-crystal spectra that are analyzed 
in this study. Supplemental1 Table S1 shows how the H2O con-
tents for the various garnets, as discussed below, were calculated. 

The amounts are also listed in Table 1. Table 2 summarizes the 
energies of OH- stretching modes greater than 3560 cm–1 for 
various garnets at room temperature as well as their assignment 
to a given cluster type (see Part I-Fig. 4). Supplemental1 Table S2 
gives the crystal-chemical formulas of several Ti-bearing garnets 
(taken from Armbruster et al. 1998) that are discussed below.

Discussion

The long quest to understand “water” in garnet: 
Hydrogarnet clusters vs. defects and coupled substitutional 
mechanisms

The analysis of Geiger and Rossman (2018), together with 
that in Part I of this investigation, provides a new basis for 
interpreting IR spectra and understanding OH- incorporation in 
different calcium silicate garnet species. A sense of order and 
understanding is established from these two studies through a 
crystal-chemical and vibrational-model analysis that provides a 
coherent explanation for various IR spectroscopic observations.

It appears that OH- incorporation in nominally anhydrous Ca 
silicate garnet largely occurs through various local hydrogarnet-
like clusters. It is well known from synthesis experiments (Flint 
et al. 1941; Carlson 1956; Kobayashi and Shoji 1983; Dilnesa 
et al. 2014) and through calculations (Wright et al. 1994) that 
the hydrogarnet substitution, that is (H4O4)4– ↔ (SiO4)4–, is both 
structurally and energetically favorable in calcium silicate gar-
net. It is much more favorable than in other garnet species, for 
instance, almandine, pyrope, majorite, and spessartine. From this 
knowledge and our cluster-model analysis (Part I), “defect-type” 
mechanisms involving the garnet {X}- or [Y]-site such as 
{Ca2+ ↔ 2H+} and [Al3+ ↔ 3H+] to account for OH- incorpora-

Table 1. 	 Description of natural garnet samples and their water concentrations and approximate compositions
Garnet and sample label	 Locality (source)	 Sample description	 wt% H2O	 Approximate 
		  and references		  composition
Ti-bearing andradite GRR 3554	 Magnet Cove, AR, U.S.A. (J. Zigras, 	 0.456 mm, “melanite variety”, black	 0.02	 Ti-bearing andradite
	 Avant Mining, CIT-15810)

Grossular GRR 946	 Auerbach, Germany	 0.278 mm, both Fe2+ and Fe3+ present, 	 0.13	 Gross87Andr13
	 (G. Amthauer, Salzburg)	 brownish-pink; Rossman and Aines (1991)

Grossular GRR 1411	 Munam, Whanghedo, N. Korea (Y. Takeuchi, 	 0.358 mm, skarn, greyish yellow-green, 	 0.05	 Gross65Andr35
	 Univ. Tokyo, catalog UMUTMI-20124)	 birefringent; Rossman and Aines (1991)	

Grossular GRR 1422	 Wakefield, Ontario, Canada (CIT-12178)	 0.509 mm, light yellow green; 	 0.01	 Gross95Andr05
		  Rossman and Aines (1991)

Grossular GRR 1424	 Garnet Queen Mine?, Santa Rosa Mtns., 	 0.518 mm, light brownish yellow; 	 0.09	 Gross78Andr22
	 CA, U.S.A. (CIT-8804)	 Rossman and Aines (1991)

Grossular GRR 1429	 Essex County, NY, U.S.A. (G. Novak – GN II-5)	 0.255 mm, orange-brown; 	 0.02	 Gross78Andr22
		  Novak and Gibbs (1971);
		  Rossman and Aines (1991)

Grossular GRR 53	 Asbestos, Quebec, Canada	 0.405 mm, light orange; 	 0.12	 Gross94Andr06
	 (CIT Collection #11240)	 Rossman and Aines (1986, 1991)

Grossular GRR 53b	 Asbestos, Quebec, Canada	 0.139 mm, light orange, isotropic; 	 0.10	 Gross94Andr06
		  Rossman and Aines (1986)

Grossular GRR 1038 C/R	 Asbestos, Quebec, Canada	 0.276 mm, near colorless rim, 	 0.08(0.05)a/	 Gross96Andr04
	 (Rock H. Currier, Jewel Tunnel Imports)	 vivid green core (Cr3+); 	 0.21
		  Rossman and Aines (1991)

Grossular GRR 1285 NMR	 Jeffrey Mine, Asbestos, Quebec, Canada (F. Allen)	 0.030 mm; light orangish pink; 	 0.12	 Gross98Andr02
		  Cho and Rossman (1993); 
		  Allen and Buseck (1988)

Grossular GRR 1537	 Jeffrey Mine, Asbestos, Quebec, Canada	 0.073 mm, colorless; 	 0.19	 Gross99Andr01
	 (R.D. Shannon, Dupont)	 Shannon and Rossman (1992)

Grossular GRR 1538	 Jeffrey Mine, Asbestos, Quebec, Canada	 0.173 mm, pale orangish pink, variety 	 0.23	 Gross95Andr05
	 (R.D. Shannon, Dupont)	 hessonite; Shannon and Rossman (1992)
a Rim H2O using all OH modes and (only hydrogrossular related bands).
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tion in grossular (e.g., Basso et al. 1984; Birkett and Trzcien-
ski 1984; Basso and Cabella 1990) may not be as common as 
thought or even present. The same arguement holds for the defect 
(SiO3OH)3– in garnet (Andrut et al. 2002) or the “point defect” 
{Fe3+H+} in andradite (Reynes et al. 2018). It is also not necessary 
to invoke the presence of “nonstandard” silicate-garnet cations 
(e.g., Li+, Na+, B3+) and various coupled substitution mechanisms, 
for example, {Li+-H+ ↔ Ca2+/Mg2+}, [Mg/Fe2+-H+ ↔ Al/Fe3+],  
(B3+-H+) ↔ (Si4+), [Fe3+]-(H+) ↔ [Ti4+], and (Al3+-H+) ↔ (Si4+) 
to account for various observed OH- bands in IR spectra of 
Ca-rich and other silicate garnets (e.g., Kühberger et al. 1989; 
Khomenko et al. 1994; Lu and Keppler 1997; Reynes et al. 
2018). The substitutions H+ + Al3+ ↔ Si4+ and H+ + B3+ ↔ Si4+, 
for example, do occur in other mineral structures (see review of 
Rossman 1986). However, we know of no scientific evidence or 
results, at this time, that could account for any of these different 
H+ substitution mechanisms in garnet. We stress, though, that our 
cluster-based model does not in any way exclude the possibility 
that other mechanisms could affect the nature of H+ incorporation.

The scientific problem is challenging because the precise 
stoichiometry and the possible occurrence of structural defects 
in silicate garnet are not understood. It is not known how exact 
silicate garnet stoichiometry is, namely {X3}[Y2](Z3)O12. Another 
issue is that of garnet chemistry and how it could affect OH- 
incorporation. Moreover, the role of “nonstandard” cations and 
how they can substitute at {X}, [Y], and (Z) and with different 
valence states in the common silicate garnets is still partly an 
open question. A good example is Ti4+.

In Part I, the compositional system Ca3Al2Si3O12-
Ca3Fe2

3+Si3O12-Ca3Al2H12O12-Ca3Fe2
3+H12O12 was considered and 

the nature of OH- in these garnets analyzed. Of course, calcium 
silicate garnets can contain Ti4+, which can occur in minor to 
major amounts. It is generally thought that the bulk of Ti occurs 
at [Y] (Locock 2008), and this, thereby, changes the local-charge-
balance situation in the common silicate garnets. The presence 
of Ti4+ in calcium silicate garnet could determine how OH- is 
incorporated. Kühberger et al. (1989) argued that the substitution 

[Fe3+] ↔ [Fe2+-H+] occurs in them. Indeed, in terms of another 
garnet system, namely pyrope, and in both natural and synthetic 
crystals, the presence of Ti4+ appears to give rise to OH- stretching 
bands located between 3510 and 3530 cm–1 (Bell and Rossman 
1992; Geiger et al. 2000). It follows that OH- structural incorpo-
ration in pyrope is thereby affected. The IR spectra of Ti-bearing 
calcium silicate garnets need to be analyzed and compared to the 
spectra of garnets in the four component system given above.

Ti-containing calcium silicate garnets and their IR spectra
Andradite can contain significant amounts of Ti4+. There 

are also calcium silicate garnets with integral Ti4+. Schorlo-
mite, ideal end-member formula {Ca3}[Ti2

4+](Si,Fe2
3+)O12, and 

morimotoite, {Ca3}[Ti4+,Fe2+](Si3)O12, are two such examples. 
Furthermore, there are other Ti-containing components that 
are used in formulations to calculate garnet crystal-chemical 
formulas (Locock 2008).

There have been several crystal-structure and mineralogical 
studies undertaken on Ti-bearing garnets, whose compositions 
and crystal chemistry can be complex (e.g., Locock et al. 1995; 
Armbruster et al. 1998; Chakhmouradian and McCammon 
2005; Schingaro et al. 2016 and references therein). Briefly 
summarizing and stating the findings with regard to the goals of 
the research herein, there can be monovalent cations (e.g., Na+) 
at {X}, Mg and Fe2+ at [Y], and Fe3+, Al3+, and even Fe2+ can be 
found at (Z), as well as vacancies at the latter. Thus, the nature 
of structural OH- could be affected through several various 
substitution mechanisms. What do the IR spectra of Ti4+-bearing 
garnets show and how can they be interpreted?

The IR single-crystal spectrum of a Ti-bearing garnet, GRR 
3554, from the well-known Magnet Cove locality, Arkansas, 
U.S.A. (Table 1) and its fit are shown in Figure 1. OH- modes 
are present at 3529, 3563, 3582, 3605, 3620, and 3635 cm–1. 
Following the OH- mode assignments for garnets discussed in 
Part I (and given in Table 2 of this work), the second and third 
modes in the list are assigned to hydroandradite-like groups 
and clusters and the latter three modes to hydrogrossular-like 
clusters. The OH- mode at 3529 cm–1 has another origin and it 
will not be considered here. This goes for all modes located at 
wavenumbers below about 3560 cm–1.

IR single-crystal spectra on different Ti-bearing garnets 
and schorlomites have been published. The IR spectrum of 
a compositionally complex schorlomite, taken from the Ice 
River igneous alkaline complex, Yoho National Park, Brit-
ish Columbia, Canada,{Ca2.866,Mg0.08,Mn2+

0.019,Na0.038}3.003 

(Ti4+
1.058,Zr4+

0.039,Al0.137,Fe3+
0.631,Fe2+

0.057,V3+
0.014,Mn3+

0.013,Mg0.055)2.004 

[Si2.348,Fe3+
0.339,Fe2+

0.311,4H0.005]3.003O12, was measured by Locock et al. 
(1995). It shows a single, weak and broad asymmetric OH- band 
with a maximum at 3563 cm–1 (this “band” can be simulated with 
three components). We interpret this as indicating that most of 
the OH- is held in single, isolated (H4O4)4– group in andradite 
(Table 2). Kühberger et al. (1989) investigated the crystal chem-
istry and other properties of a natural schorlomite (Kaiserstuhl, 
FRG) and several synthetic Ti-bearing andradites. The IR spec-
trum of their synthetic sample T-13, crystal-chemical formula 
Ca2.98[Fe3+

0.97,Fe2+
0.11,Ti3+

0.27,Ti4+
0.65](Si2.38,Fe3+

0.32,Fe2+
0.12,Ti4+

0.16,4H0.3), shows 
two OH- bands at 3568 and 3533 cm–1. The former mode can 
be, once again, assigned to single, isolated (H4O4)4– groups of a 

Figure 1. IR single-crystal spectrum and fitted curves in the energy 
range of the OH- stretching vibrations at RT for a magmatic Ti-bearing 
andradite (Table 1, GRR 3554) from Magnet Cove, Arkansas, U.S.A. 
(Color online.)
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hydroandradite-like cluster (Table 2). The amount of H2O was 
given as 0.22 wt% for this garnet synthesized hydrothermally at 
PH2O = 3 kbar and 750 °C. Schmitt et al. (2019) studied a number 
of Ti-bearing andradites taken from a rodingite and presented a 
Raman spectrum on one garnet. It shows two overlapping OH- 
bands with the most intense one located at 3568 cm–1, once again, 
indicating the presence of an isolated (H4O4)4– group.

Armbruster et al. (1998) undertook a crystal-chemical 
study on different natural Ti-bearing garnets using several ex-
perimental methods including IR single-crystal spectroscopy to 
measure OH-. The formulas of these samples were calculated 
taking the microprobe results in Armbruster et al. (1998) and 
using the formulation of Locock (2008). The results are found 
in Supplemental1 Table S2. We analyze their IR spectroscopic 
results further (E. Libowitzky kindly provided the IR data from 
their work). The IR spectrum (Fig. 2) of the andradite sample, 
“Hilda,” from a chlorite schist shows a complex OH- band pattern 

with both weak and intense modes. A number of OH- bands are 
located above 3560 cm–1 and they can be assigned to different 
hydrogarnet clusters, as given in Table 2. We think that the small 
differences in wavenumber compared to the equivalent modes 
observed in the spectra of grossular can be explained by differ-
ences in chemistry and cation masses between the two garnets 
(see discussion in Part I). We consider the overall agreement 
in OH- wavenumbers to be, in general, good. As stated above, 
the nature of the OH- modes located below about 3560 cm–1 is 
not fully understood at this time and this aspect requires more 
investigation.

It is notable that the amounts of OH- contained in the different 
garnets are quite variable. Seven spectra from Armbruster et al. 
(1998) are plotted in Figure 3, as is the spectrum for Ti-bearing 
andradite GRR 3554. All the samples are normalized to 1 mm 
thickness, allowing a comparison of OH- mode wavenumbers 
and importantly, here, the relative OH- amounts given by the 
mode intensities. Vertical lines are drawn to indicate the posi-
tions of the most intense OH- bands and, thus, the corresponding 
hydrogarnet cluster type. Consider, first, the relatively Ti-poor 
grossular-andradite garnet, Mureia, that shows no H2O in its core 
but some OH- at its rim (Fig. 3). This garnet, possibly from a 
serpentinite (Armbruster et al. 1998), apparently nucleated and 
crystallized under low fH2O or even possibly dry conditions. At a 
later stage in metamorphism and with further crystal growth fH2O 
increased, as the rim of the garnet contains OH-. 

The P-T phase relations of the system grossular-katoite 
(Ca3Al2H12O12) have been investigated (Yoder 1950; Pistorius 
and Kennedy 1960; Kobayashi and Shoji 1983) and they allow, 
together with the IR results and our cluster-model analysis, first 
petrological insight on OH- in garnet. The phase equilibrium 
results, as well as published synthesis data on hydrogarnets, 
show that the amount of Ca3Al2H12O12 (and by assumption 
Ca3Fe2

3+H12O12 as well) in grossular is favored by lower tempera-
tures and is also a function of the fH2O of the system. 

Consider, second, the amounts of H2O in Ti-bearing garnets 
from different rock types (Fig. 3). As an example, there are major 
differences in H2O amounts between schorlomites (i.e., samples 
KAlS and KB166) occurring in magmatic phonolites vs. garnets 
(i.e., samples ZER1 and HILDA) from lower-grade metamorphic 
rocks containing chlorite. Garnets in the former crystallized under 

Table 2. 	 Energies of OH– stretching modes (>3560 cm–1) for various garnets at room temperature, their assignments, and cluster type (see 
Part I Fig. 4)

Various natural	 Synthetic	 Synthetic/natural	 Synthetic	 Natural Ti-bearing	 Assignment and	 Crystal chemistry
grossularsa (cm–1)	 grossulara (cm–1)	 andraditeb (cm–1)	 schorlomitec	 andradited (cm–1)	 cluster type	 cluster type
3684–3688	 ~3688	 –	 –	 –	 Hydrous inclusion phase?	 No cluster
3674–3678	 –	 –	 –	 –	 Hydrous inclusion phase?	 No cluster
~3660	 ~3666	 –	 –	 ~3664	 Finite-size katoite cluster/domain	 Fig. 4a
~3657	 ~3660	 –	 –	 ~3654	 Six (H4O4)4– Hydrogrossular cluster(?)	 Fig. 4g
~3641	 ~3645	 –	 –	 ~3647	 Five (H4O4)4– Hydrogrossular cluster	 Fig. 4f
~3634	 ~3633	 –	 –	 ~3639	 Four (H4O4)4– Hydrogrossular cluster	 Fig. 4e
~3622	 ~3623	 –	 –	 ~3626	 Three (H4O4)4– Hydrogrossular cluster	 Fig. 4d
~3612	 ~3613	 –	 –	 ~3616	 Two (H4O4)4– Hydrogrossular cluster	 Fig. 4c
~3599	 ~3604	 –	 –	 ~3603	 One (H4O4)4– Hydrogrossular group	 Fig. 4b
–	 –	 ~3611	 –	 –	 Finite-size Ca3Fe2

3+O12H12 cluster(?)	 Fig. 4a
~(3594)	 –	 –	 –	 ~3589	 Unspecified Hydroandradite cluster	 ?
~(3581)	 ~(3579)	 –	 –	 ~3577	 Unspecified Hydroandradite cluster	 ?
~(3563)	 ~(3560)	 ~3563	 ~3568	 ~3560	 One (H4O4)4– Hydroandradite group	 Fig. 4b
a Part I of this study.
b Geiger and Rossman (2018) and Part I of this study.
c Kühberger et al. (1989).
d Sample HILDA 1 (Armbruster et al. 1998).

Figure 2. IR single-crystal spectrum and fitted curves in the energy 
range of the OH- stretching vibrations at RT for Ti-bearing andradite 
HILDA 1 (Armbruster et al. 1998) occurring in a chlorite schist from 
Hildenkreuzjoch, Pfitschtal, South Tyrol, Italy. (Color online.)
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high temperatures (T ≥ 900 °C) and “dry” conditions (Braunger et 
al. 2018) compared to those occurring in chlorite schists, which 
likely crystallized under H2O-rich conditions and at T < 500 °C.

The amount of H2O in the different garnets shown in 
Figure 3 can be calculated following Rossman (2006) and are 
given in Supplemental1 Table S1. Some garnets contain very 
little H2O (sample KAlS 2 has 0.01 wt% H2O), while others 
contain more than an order of magnitude greater concentration 
(sample ZER1 12 has 0.35 wt% H2O). We recognize that this 
first-order analysis involves garnets of different composition, 
but, nevertheless, we think the overall conclusion is correct. 
We pursue the issue of hydrogarnet-cluster types and their con-
centration in a simple petrologic context below with an analysis 
focused on nearly end-member grossular. But first, we consider 
the physical and chemical nature of the various hydrogarnet-like 
cluster themselves.

Micro- and nano-size hydrogarnet-like clusters and proton 
ordering

We think that with regard to OH- incorporation in nominally 
anhydrous Ca silicate garnet, the term “hydrogarnet-like cluster” 
better describes the crystal-chemical situation than “OH- defect.” 
The latter term has been used, and sometimes in combination 
with different chemical-substitution mechanisms, as discussed 
above. The term defect is ingrained in the mineralogical litera-
ture. It can be interpreted as indicating that the H+ atoms are not a 
stoichiometric and integral structural part of the garnet structure, 
that is, not described by crystallographic relationships. This is 
probably not the case. The precise nature of various hydrogarnet-
like clusters in an anhydrous “garnet matrix” and their effect on 
the long-range crystal-structure symmetry remains to be clari-
fied. Several novel structural and crystal-chemical aspects arise 
from this research.

First, what are the physical and chemical properties of the 
hydrogarnet-like clusters considered herein? Our model analy-
sis derives six hydrogarnet-like cluster types and a katoite-like 
cluster. They are based on the number of (H4O4)4– groups in an 
immediate cluster (Fig. 4, Part I). The clusters, themselves, may 
not be strictly ideal in terms of their atomic configurations and 
composition. Different local configurations for a given number 
of (H4O4)4– groups in a cluster around a YO6 octahedron may ex-
ist, and they cannot be determined from the IR spectra, at least 
at this time. Furthermore, the clusters could contain “defects” 
related to non-stoichiometry and proton order-disorder. The 
precise structural/crystallographic coordinates of the Ca cations 
at the Wyckoff position 24c and Al or Fe3+ cations at 16d in the 
clusters are probably slightly different than those for these atoms 
in the anhydrous garnet host. This should be the case because 
the Ca-O(1) and Ca-O(2) bond distances in the clusters and the 
anhydrous silicate garnet should be different, as they are between 
end-member katoite (Lager et al. 1987) and end-member gros-
sular (Geiger and Armbruster 1997). It follows that there will 
be structural relaxation in the vicinity of a hydrogarnet cluster 
or clusters, but its exact nature will be difficult to determine via 
experiment.

The clusters give rise to proton ordering in the anhydrous host 
garnet and should, in a sense, introduce a type of short-range 
Ca ordering (see discussion in Palke et al. 2015, on short-range 

cation ordering in garnet). It can be expected that variations in 
cluster spatial arrangements and (H4O4)4– group configurations 
will affect the nature of structural relaxation. This could lead to 
slight variations in OH--mode energies (Table 2). In this regard, 
Geiger and Rossman (in review) have argued that minor amounts 
of OH- in nearly end-member natural pyrope crystals are also 
held in hydrogrossular-like clusters. The OH- mode energies 
associated with these clusters are slightly different compared to 
their mode equivalents in grossular garnet.

The nature of local structural and compositional heterogene-
ity, related to the presence of hydrogarnet clusters in a crystal, is 
subtle and not amenable to many types of experimental study. The 
clusters and structural heterogeneity probably cannot be detected 
by normal diffraction experiments. Possibly high-resolution TEM 
measurements could reveal something in this regard or maybe 
advanced MAS NMR experiments. In terms of composition, 
electron-microprobe or ion-probe measurements do not provide 
the necessary resolution to show the fine differences in local 
chemistry throughout a crystal.

The dimensions of the hydrogarnet-like clusters cannot be 

Figure 3. Stacked plot of IR spectra of different Ti-bearing garnets, 
andradite, and schorlomite normalized to 1 mm crystal thickness. Some 
of the spectra have been slightly smoothed to reduce minor noise related 
to high-energy vibrations arising from water vapor in the IR measuring 
chamber. Vertical green lines at a = 3656, b = 3638, and c = 3604 cm–1 
give OH- bands representing the most abundant hydrogrossular-like 
clusters and the pink-brown lines at d = 3590, e = 3578, and f = 3561 cm–1 
hydroandradite-like clusters. Calculated H2O contents for the various 
garnets in wt% are: ZER1 12 = 0.35, HILDA 1 = 0.27, MUREIA (rim) 7 = 
0.04, NZALA = 0.03, GRR 3554 = 0.02 and KAlS2 = 0.01. (Color online.)
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determined experimentally from the IR spectra, but approximate 
dimensions of the (H4O4)4– clusters can be estimated from the 
models (Part I-Fig. 4). The crystal structures of end-member 
andradite, grossular, and end-member katoite are known well 
(Armbruster and Geiger 1993; Geiger and Armbruster 1997; 
Lager et al. 1987). The size of a single (H4O4)4– group is about 
3 Å across (Part I-Fig. 4b). The size of a (H4O4)4– cluster of the 
type shown in Figure 4f should be a little less than 10 Å, as 
measured from an outer (H4O4)4– to another (H4O4)4– group. A 
more extended, yet finite-size, katoite-like cluster should have a 
minimum dimension of roughly 15 Å. Its exact upper size cannot 
be determined. Garnet, space group Ia3d, has 8 formula units in 
its elementary cell and 24 crystallographic (Z) sites. This means 
96 OH- groups for hydrogarnet. Taking a garnet with a unit cell 
roughly of size 12 × 12 × 12 Å (grossular has a unit cell edge of 
11.851 Å), gives a volume of 1728 Å3. The dimensions of the 
various hydrogarnet-like clusters are smaller than this or roughly 
similar. This puts the clusters on the lower end of the nanoscale.

Thermodynamic vs. kinetic considerations of cluster 
formation and stability

The hydrogarnet-cluster model was constructed to account 
for and assign various OH--stretching modes observed in the 
IR spectra of many different Ca-rich silicate garnets (Part I). 
The spectra and our analysis indicate that the cluster types can 
vary greatly from garnet to garnet with regard to their presence 
or absence as well as their relative abundance. How is this to be 
interpreted? A key issue is whether the clusters were stable or 
metastable in a chemical thermodynamic sense during forma-
tion. If they were stable, a given hydrogarnet cluster must be a 
function of the pressure, temperature, and composition (P-T-X) 
conditions of the system. This would mean that the cluster type(s) 
(i.e., OH--richer vs. OH--poorer clusters) must reflect the chemi-
cal and physical condition at which it (they) nucleated and grew.

The IR spectra of grossular are quite diverse and complex 
with regards to this question (Part I), but information can be 
gleaned from the existing spectral library. Some crystals show 
the same OH--band pattern from core to rim, while others show 
zoning reflected by changes in OH--mode intensities. Crystals 
that are zoned with regard to their OH--band patterns (i.e., cluster 
type variations), are reflecting changes in P-T-X during crystal 
growth, if they grew under chemical equilibrium. They could 
potentially be of use in determining how petrologic conditions 
evolved and changed in a metamorphic or igneous event. We 
explore this issue further.

At first glimpse, it may appear that the great range and diversity 
of IR spectra recorded on many different calcium-silicate garnets 
could indicate that kinetic issues are operating during garnet 
crystallization. However, some sense of order and systematics can 
be observed in the myriad of spectra. Two examples are given by 
the garnets whose spectra are shown in Figures 3 and 6 in Part I. 
In both cases, there is a close resemblance in the IR spectra 
between a natural nearly end-member grossular and a synthetic 
hydrothermally grown crystal. The cluster types and their con-
centrations are similar for the two crystal pairs, thus, possibly 
indicating a stable chemical and structural state.

We examined, furthermore, the library of various natural gros-
sular IR spectra measured in the lab of GRR to determine if similar 

OH- mode patterns (i.e., cluster types) exist. Figure 4 shows the 
spectra of five garnets from various localities worldwide (Table 1). 
They can be described as grossular and grossular-andradite solid 
solutions with different Al3+/(Al3++Fe3+) ratios (i.e., ~0.05–0.07 
for GRR 1422 and GRR 9456, ~0.22 for GRR 1424 and GRR 
1429, and ~0.35 for GRR 1411). Indeed, their spectra are broadly 
similar in appearance with regard to their OH- modes and, thus, the 
type of hydrogrossular-like and hydroandradite-like clusters. The 
main difference among the garnets lies in the amounts of the dif-
ferent cluster types. The broad likeness in the type of hydrogarnet 
clusters in various composition garnets from different localities 
lends credence to the argument that chemical equilibrium operated 
during their crystallization.

Hydrogarnet clusters and petrologic P-T-X conditions for 
grossular from a single geologic locality

The quarries located in or near Asbestos, Quebec, Canada, are 
well known for producing different and excellent mineral speci-
mens. Garnet crystals of different sizes (millimeter to centimeter) 
occur in this area with some closely approaching end-member 
grossular composition. Many are clearly of hydrothermal origin. 
Some crystals are colorless and transparent, while others are 
greenish, pink, orange, and pinkish-brownish in color. The origin 
of the color, which can be complex in nature, derives from the 

Figure 4. Stacked plot of spectra for different grossulars (Table 1) 
normalized to 1 mm crystal thickness. Vertical green lines at a = 3657, 
b = 3641, and c = 3599  cm–1 give OH- modes representing various 
hydrogrossular-like clusters and pink-brown lines at d = 3584 and e = 
3566 cm–1 various hydroandradite-like clusters. (Color online.)
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presence of small concentrations of transition metals (e.g., Fe2+, 
Fe3+, Cr3+, Mn2+, Mn3+) located in the garnet structure.

The IR spectra of several different grossular samples from 
Asbestos are shown in Figure 5, and their OH- band patterns 
vary considerably. The obvious question is why? These gros-
sular crystals are typically found in rodingites, associated with 
serpentinites, that experienced polymetamorphism. The geologic 
history of the area is complicated and evolved. Normand and 
William-Jones (2007) studied the petrology and the P-T condi-
tions of the different metamorphic events. All were relatively 
low grade in nature (e.g., 290–360 °C and 2.5–4.5 kbar for the 
first metamorphic event; 325–400 °C and less than 3 kbar for 
the second; and a third, even lower-grade event occurring late 
in the geologic history). The fluid compositions were complex 
being moderately to highly saline and they contained methane.

The precise sample locations of the grossulars, whose spectra 
are shown in Figure 5, are not known, nor are the exact meta-
morphic periods of their crystallization. Three broad classes of 
spectra can be identified that reveal different hydrogarnet cluster 
types and their concentrations. They are: (1) those garnets (i.e., 
samples 1538 and 1038) having both hydroandradite-like and 
hydrogrossular-like clusters with the latter having relatively 
abundant two and six (H4O4)4– groups as well as katoite-like 

Figure 5. Stacked plot of spectra for different grossulars (Table 1) 
from Asbestos, Quebec, Canada, normalized to 1 mm crystal thickness. 
“R” means crystal rim and “C” means crystal core. Vertical lines define 
various OH- peak positions in wavenumbers (cm–1) with a = 3664, b = 
3657, c = 3641, d = 3633, e = 3622, f = 3612, g = 3601, h = 3583, i = 3560, 
and where the green lines represent various hydrogrossular-like clusters 
and pink-brown lines various hydroandradite-like clusters. (Color online.)

clusters, (2) those garnets (i.e., samples 53b and 53RT) having 
hydrogrossular-like clusters characterized by relatively large 
amounts of three and four (H4O4)4– groups as well as katoite-like 
clusters, and (3) those garnets (i.e., samples 1537 and 1285 NMR) 
having hydrogrossular-like clusters characterized mostly by three 
(H4O4)4– groups. First, simple interpretations for the observations 
would suggest that type (3) grossulars crystallized at the high-
est temperatures and under high fH2O conditions because more 
H2O-rich clusters (Figs. 4a, 4e, 4f, and 4g in Part I) should be 
the least stable thermally. Second, other grossulars represented 
in Figure 5 crystallized perhaps at lower temperatures. Finally, 
the core of garnet 1038 may have crystallized at higher fH2O 
conditions than the rim (see discussion of andradite from Mureia 
in Fig. 3 above). More investigation is needed to determine if 
grossulars (different generations) with different hydrogarnet 
cluster types and concentrations can be explained in terms of 
their metamorphic history and P-T-X conditions.

Consider further the effect of temperature on the OH- con-
centration in grossular. Figure 6 in Part I is useful. Here, the 
spectra of a natural (GRR 1285 from Asbestos) and synthetic 
grossular (GR83) are compared and show two bands having 
similar energies of 3623 and 3604 cm–1. The mode intensities 
in the two spectra, though, are greatly different. The spectrum 
of the synthetic crystal is based on 1 mm thickness, whereas the 
natural crystal, showing an expanded intensity of three, is for a 
crystal thickness of 0.03 mm. This means that the natural gros-
sular crystal contains roughly 7 times more H2O. The difference 
is likely related to the large difference in the temperatures of 
crystallization between the two samples. Gr83 was synthesized at 
1000 °C (Withers et al. 1998), whereas GRR 1285 from Asbestos 
likely crystallized at less than 400 °C.

It is important to note, here, that the discussion has considered 
small amounts of H2O (less than roughly 0.3 wt%) in nominally 
anhydrous garnets. Water-rich hydrogarnets, that is, those for 
crystals with more than about 50 mol% Ca3(Al,Fe3+)2(H4O4)3, 
can be found in nature (see the introduction of Part I). Their tem-
peratures of crystallization should be very low at say T < 300 °C. 
Indeed, experiments on various composition silica-containing 
hydrogarnets show that they are not stable above 200 to 300 °C 
under hydrothermal conditions depending on their precise 
composition (Flint et al. 1941). Carlson (1956) gives the upper 
thermal stability under hydrothermal conditions for end-member 
katoite at roughly 225 °C. Grossular-rich grossular-katoite solid 
solutions (i.e., mol% grossular from 66 to 100 mol%) are stable 
from 270/330 to 650 °C at PH2O = 100 Mbar with increasing 
stability with increasing grossular component (Kobayashi and 
Shoji 1983).

It could be argued, on the other hand, that the great variability 
in the observed OH--band patterns for many different grossulars 
indicates that kinetics could have played a role in the formation 
and distribution of hydrogarnet-like clusters at least for some 
crystals. Consider the OH--bond energies—3600 cm–1 is equal 
to 43.1 kJ/mol and 10 cm–1 is equal to 0.12 kJ/mol. The differ-
ence in energy between, say, two OH--modes at 3600 and 361l 
cm–1 is only roughly 0.3%. The energetics of chemical bonding 
associated with small amounts of OH- are slight compared to 
the total bond energies in a crystal. This consideration could 
indicate that kinetic factors could play a role in the formation 
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of clusters and that their presence represents metastability. This 
leads to the next question of H2O concentrations in nominally 
anhydrous garnet.

Experimental investigations on the concentration of H2O 
in calcium-silicate garnet and absorption-coefficient 
determinations for IR spectra: Consequences of the cluster 
model

Vibrational spectra, alone, do not suffice to determine the 
amount of any chemical species. This requires first, in the general 
case, an independent experimental determination of absolute H2O 
concentrations and then, ultimately, a determination of IR absorp-
tion coefficients for OH- modes can be made via a calibration. At 
this point, a spectrum suffices for an analytical determination of 
the amount of H2O (see discussion in Rossman 2006). To start, 
the absorption coefficients for OH- stretching modes in differ-
ent phases and materials are different in magnitude depending 
on their wavenumber (Libowitzky and Rossman 1997). There 
have been several investigations related to determinations of 
H2O contents in natural grossular crystals using IR spectroscopy 
in combination with diverse analytical methods (Rossman and 
Aines 1991; Maldener et al. 2003; Rossman 2006; Reynes et al. 
2018 and works cited therein).

It can be expected that a general or averaged absorption 
coefficient describing all hydrogrossular-like clusters must be 
different than that for describing hydroandradite-like clusters. 
Moreover, because the various former types are characterized by 
different energy OH- modes, the IR molar absorption-coefficients 
associated with each mode could be quantitatively different. 
How different or similar they are remains to be determined. It 
is notable that the published studies on absorption coefficient 
determinations often involved grossular-andradite garnets, whose 
IR spectra indicate both cluster types. Calibrations for H2O in 
katoite and grossular garnets (Supplemental1 Table S1) are based 
on spectra having different energy OH- modes. Moreover, some 
previously studied garnets (Maldener et al. 2003; Reynes et al. 
2018) show high-energy modes in their spectra that are possi-
bly related to the presence of OH--bearing inclusion phases, as 
discussed in Part I (e.g., Fig. 8).

The spectral analysis, herein, sets out how absorption coef-
ficient studies for H2O should be undertaken. In concrete terms, 
for example, the “end-member” andradite 4282 (see Table 1 and 
Fig. 11 in Part I) would be unsuitable for a calibration study to 
obtain an absorption coefficient for H2O in andradite garnets. 
On the other hand, samples such as GRR 53, 1537, and 1285 
NMR (Fig. 5) would be suitable for determining H2O contents 
in grossular.

H2O loss in grossular and H+-species diffusion behavior
H2O loss and hydrogen diffusion behavior in grossular and 

grossular-andradite garnets have been investigated at ambient 
pressure after high-temperature treatment of single crystals 
(Kurka et al. 2005; Phichaikamjornwut et al. 2011; Reynes et 
al. 2018). The conclusions drawn in this study permit the three 
published results to be reanalyzed.

The grossular-rich crystal used by Kurka et al. (2005) 
in their hydrogen mobility study had the composition 
Gross83.2Andr14.3Pyr2.2. The IR single-crystal spectrum of their 

sample GRO5 showed intense OH- bands at 3568, 3600, 3645 
(most intense), 3657, and 3687 cm–1. Shoulders on these bands 
were also observable. The diffusion study was undertaken 
by treating prepared crystal platelets in a stepwise manner at 
temperatures of 1073 (800 °C), 1173 (900 °C), 1223 (950 °C), 
1273 (1000 °C), and 1323 K (1050 °C) at 1 atm in air and gas 
mixtures (Ar-H2/D2) for various time periods (0 to 48 h). Then, 
the IR spectra of the platelets were recorded and the intensity 
of the different modes measured. For example, the spectra of a 
crystal heated at 1273 K showed a decrease in intensity for all 
OH- modes as a f(t) and after 22 h. only the mode at 3645 cm–1 
was still visible. Kurka et al. (2005) concluded, in short, based 
on these and other results on mode intensity changes, that at least 
two types of OH- “defects” were present in their grossular crystal. 
We make other conclusions. We think that the mode at 3687 cm–1 
is possibly related to tiny “serpentine mineral” inclusions. Thus, 
it could be expected to show a different temperature dependence 
compared to any garnet-related OH--mode. Furthermore, we 
assign, as discussed above, the mode at 3568 cm–1 to a single 
(H4O4)4– hydroandradite-like group and those modes at 3600, 
3645, and 3657 cm–1 to different hydrogrossular-like clusters 
(Table 2). The hydrogen diffusion behavior for the two garnet 
cluster types should be different.

Phichaikamjornwut et al. (2011) investigated the thermal and 
dehydration/rehydration behavior of several different composi-
tion garnets across the grossular-andradite binary in a similar 
experimental manner. Garnets were treated at 1 atm in air or H2 
at 973 K (700 °C) to 1173 K (900 °C) for different time peri-
ods, and then the intensities of the different OH- modes were 
measured by IR spectroscopy. The natural untreated crystals 
showed five intense OH--modes at 3600/2, 3612/3, 3631, 3641, 
and 3662 cm–1 in grossular-rich and intermediate composition 
garnets. They can be assigned to different hydrogrossular-like 
clusters (Part I-Fig. 4). The spectra of andradite-rich crystals 
showed, in comparison, strong OH- modes at 3653 and 3581 cm–1 
and can be assigned to two different hydroandradite-like clus-
ters. Less intense modes were also observed in the spectra, but 
are not considered here. This team of researchers, in line with 
the conclusions of Kurka et al. (2005), argued that at least two 
different OH- “defects” were operating in their dehydration ex-
periments. This conclusion was based, once again, on different 
mode intensity behavior between hydrogrossular-like cluster 
related OH--modes and hydroandradite-like cluster OH- modes. 
We reinterpret these results and assign the two “defect types,” in 
a broad sense, to two different hydrogarnet-cluster types.

Reynes et al. (2018) investigated the hydrogen concentration 
and diffusion behavior in three different natural grossular (and 
spessartine as well) samples in a different experimental sense us-
ing IR single-crystal and ion-microprobe (SHRIMP-SI) methods. 
The latter was used to measure H2O concentrations and to also 
make an absorbance-coefficient calibration. The IR spectra of 
their grossular samples are consistent with those described herein. 
That is, the most intense OH- bands above 3600 cm–1 can be as-
signed to different hydrogrossular-like clusters and those below 
to hydroandradite-like clusters and other presently unassigned 
modes. The diffusion experiments on grossular (composition  
Gross91.0Andr6.4Almd1.6Spess0.1) were carried out on a prepared 
cube of 1.5 mm size that was treated at 1 atm at various tempera-
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tures, 750–1050 °C, and oxygen fugacity conditions for 1 h to 
10 days. IR spectra and OH- modes were recorded from sections 
taken from the core to the rim of the crystal cubes, thus, permit-
ting H2O-concentration profiles to be determined. 

We summarize and reinterpret the extensive results of Reynes 
et al. (2018). They observed, for example, in the IR spectra that 
the OH- mode at 3645 cm–1 changed the least in intensity vs. those 
at 3686 (“serpentine” mineral phase), 3657, 3628, and 3604 cm–1 
as a function of temperature and time from the core to the rim 
of the cube. The latter modes essentially disappeared, while 
the former remained relatively strong in intensity. This result 
agrees excellently with the experimental observations of Kurka 
et al. (2005). It appears, therefore, that the hydrogrossular-like 
cluster of the type shown in Figure 4f (Part I) is the most stable 
against elevated temperatures. Moreover, Reynes et al. (2018) 
observed clear differences in the water concentration profiles 
associated with the OH- modes at 3576, 3567, and 3533 cm–1 
compared to those modes associated with hydrogrossular-like 
clusters. As before, the first two modes are probably related 
to hydroandradite-like clusters, while the latter lowest energy 
OH- mode remains to be assigned. 

A question associated with all of these three investigations 
relates to how, in a crystal-chemical sense, the hydrogen atoms 
are lost from heat-treated crystals. The general oxidation-
reduction reaction:

Fe2+ + OH- ↔ Fe3+ + O2– + 1⁄2H2 	 (1)

has been considered in different studies to account for hydrogen 
loss or incorporation in various nominally anhydrous silicates 
and, here specifically, garnet at elevated temperatures (Kurka et 
al. 2005; Phichaikamjornwut et al. 2011; Reynes et al. 2018). This 
reaction would require the initial presence of Fe2+ presumably at 
[Y] to permit H2 loss. Fe2+ is present in some Ti-bearing garnets, 
but its possible occurrence in andradite-grossular garnets is not 
understood. Phichaikamjornwut et al. (2011) could not identify 
octahedrally coordinated Fe2+ in their garnets, at least at the 
level given by 57Fe Mössbauer spectroscopy, and concluded that 
hydrogen exchange via reaction 1 did not occur in the majority 
of their samples. Kurka et al. (2005) and Reynes et al. (2018), 
in contrast, were more amenable to the possibly of this redox 
reaction. Reaction mechanism 1 cannot, of course, operate, at 
least in a local atomic nearest-neighbor sense, for either a hy-
drogrossular- or a hydroandradite-like cluster.

The presence of Fe2+ vs. Fe3+ at [Y], should affect the energy 
of an OH- stretching mode via the vibrational system around an 
O2– atom, as shown in Figure 2 (Part I), because their charges 
and ionic radii are different (i.e., high-spin VIFe3+ = 0.65 Å and 
VIFe2+ = 0.78 Å, Shannon 1976). The strengths of their chemical 
bonding to O2– must be different and the vibrational energy of 
the OH- dipole must be affected. The IR spectra of untreated 
vs. heated garnets do not, however, give any indication of a 
significant change in energy for any hydrogarnet-like modes. 

Based on all these considerations, we think that the published 
dehydration-“diffusion” results, and conclusions drawn from 
them, can be interpreted in an alternative manner. Under the 
assumption that garnet is stochiometric (i.e., 12 oxygen atoms), 
and where the substitution (H4O4)4– = (SiO4)4– or (4H)+ = (Si)4+ 

occurs, a breakdown reaction may be occurring. The simplest 
reaction at 1 atm in air would be in terms of local hydrogarnet 
clusters and in a purely general manner:

Ca3Al2H12O12 ↔ Ca3Al2O6 (tricalcium aluminate) + 6H2O 	(2)

and

Ca3Fe2
3+H12O12 ↔ Ca3Fe2

3+O6 (tricalcium ferrite) + 6H2O. 	 (3)

The back reactions 2 and 3 occur in the crystallization of certain 
cements. End-member katoite breaks down at about 300 °C at 
1  atm in air as based on TGA and DTA measurements (Dil-
nesa et al. 2014). This temperature is much lower than those at 
which dehydration/diffusion experiments were made (Kurka et 
al. 2005; Phichaikamjornwut et al. 2011; Reynes et al. 2018). 
Alternatively, the breakdown products of the clusters could be 
a poorly crystalline or amorphous material, as Belyankin and 
Petrov (1941) reported an endothermic reaction of hibschite to 
possibly an amorphous material at 650–690 °C at 1 atm in air.

The dehydration behavior of synthetic garnets of composition 
Ca3Al2(SiO4)y(OH)4(3–y) (0 < y < 0.176) was investigated in-situ 
using neutron thermodiffractometry (Rivas-Mercury et al. 2008). 
The results and interpretations are too extensive to discuss fully 
here. Suffice it to say that Ca3Al2H12O12 broke down slightly 
above 300 °C to mayenite [Ca12Al14O32(OH)·mH2O] and Ca(OH)2 
with the latter reacting to CaO and H2O above 540 °C. The situ-
ation involving SiO2-bearing Ca3Al2(SiO4)y(OH)4(3–y) garnet is 
more complex. In short, the anhydrous assemblage Ca12Al14O33 + 
nCa3SiO5 + mSiO2 may ultimately form at elevated temperatures 
(Rivas-Mercury et al. 2008).

Concluding this discussion, experimental investigation is 
required to determine how local hydrogarnet clusters behave 
(i.e., their stability) in nominally anhydrous garnet at elevated 
temperatures.

Hydrogen diffusion and deuteration behavior in andradite
Zhang et al. (2015) researched the kinetic behavior of the 

deuteration process in andradite following treatment at elevated 
temperatures and 1 atm to remove the hydrogen atoms. Their 
garnet sample, used for study, was close to “end-member” andra-
dite composition and its IR spectrum is similar in appearance to 
that shown in Figure 9 in Part I OH- bands are located at 3634, 
3612, 3583, and 3564 cm–1 with the latter three being strong in 
intensity. It follows that the garnet has both hydrogrossular- and 
hydroandradite-like clusters. An analysis of the behavior of 
hydrogen loss and deuterium gain was based on the intensity 
behavior of two curve-fitted OH- modes at 3628 and 3634 cm–1 
(and their OD- equivalents at 2677 and 2680 cm–1). These two 
modes were derived from a spectral deconvolution producing 
12 different OH- bands, several which are strongly overlapping, 
of the experimental IR spectra. Because of the resulting spectral 
complexity, a precise interpretation of their results using our 
cluster model is difficult to make. However, based on the experi-
mental spectra and an analysis of the behavior of the three most 
intense bands at 3612, 3583, and 3564 cm–1, it appears that the 
deuteration process is more extensive for the hydroandradite-like 
clusters (bands at 3583 and 3564 cm–1) compared to the most 
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prevalent hydrogrossular-like cluster (band at 3612 cm–1).
Finally, Zhang et al. (2015) conclude from their results that H 

diffusion in andradite is more than two orders of magnitude faster 
than in the case for grossular. One can argue that hydrogrossular-
like clusters in grossular are more stable than hydroandradite-like 
clusters in andradite at elevated temperatures. This proposal 
is consistent with the experimental synthesis results on the 
grossular-katoite and andradite-Ca3Fe2

3+H12O12 binaries (see Part 
I) that show that solid solution is more complete in the former 
binary than in the latter. Of the various possible hydrogarnet 
components in Ca silicate garnet, the hydrogrossular one appears 
to be the most structurally and energetically favorable.

Implications
What are some mineralogical, petrological, and geochemical 

consequences and implications following from this investigation? 
First, there has been considerable research done to determine 
the concentration of “H2O” in garnet because of its global 
geochemical and geophysical significance for both crustal and 
deep mantle rocks. We think a determination of H2O contents 
via IR spectroscopy will depend on what type of cluster the 
OH- is held in calcium-silicate garnets and especially between 
hydrogrossular-like and hydroandradite-like clusters. It needs 
to be researched what the general or averaged IR absorption 
coefficients for both types of clusters are.

Second, the question of thermodynamic or kinetic (meta-
stable) behavior of cluster formation needs study. If chemical 
equilibrium was operating during cluster nucleation and growth, 
then “water” concentration in garnet is a function of the P-T-X 
conditions during crystallization and especially fH2O. It remains 
to be fully determined if and when the different cluster types and 
their amounts, as well as their spatial distribution throughout a 
crystal, reflect the P-T-X conditions during garnet growth. 

Finally, the partitioning of H2O between hydrogrossular-like 
and hydroandradite-like clusters also needs to be determined for 
a range of garnet compositions.
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