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Abstract
Garnet is a nominally anhydrous mineral that can incorporate several hundreds of ppm H2O in the form of OH groups, where
H+ substitutes for cations in the garnet structure. To understand the effect of such small amounts of H
 2O on the physical and
chemical properties of garnet, it is essential to determine where and how the OH groups are incorporated into the mineral
structure. We investigated correlations between major and minor element maps acquired with the electron probe microanalyser and H
 2O maps measured with Fourier transform infrared spectroscopy coupled to a focal plane array detector at
the microscale to determine possible coupled substitutions. A set of algorithms was developed to match the maps pixel by
pixel. They allow the computation of the garnet structural formula taking the H2O content into account and the calculation
of correlations between H2O and other elements on the basis of 10,000 s of points. This new approach was applied to two
hydrous garnet samples both showing H2O and chemical zoning. The first sample consists of a grossular-rich garnet from
a high-pressure metarodingite ranging from 200 to 900 ppm H
 2O. The second sample contains a Ti-rich andradite garnet
ranging from 200 to 8500 ppm H2O. For the grossular-rich garnet, a 1:1 correlation between Ti and H has been observed
suggesting that H occurs as tetrahedral (2H)2+ point defect, charge compensated by 2 T
 i4+ on the octahedral site. Based on
this, a new hydrous garnet endmember with the formula Ca3Ti2H2Si2O12 is proposed. This 2 TiVI ↔ (2H)IV exchange mechanism is mainly responsible for the high amounts of TiO2 (up to 11 wt%) in the investigated Ti-andradite. The incorporation
of (2H)2+ instead of (4H)4+ on the tetrahedral site has important consequences for the normalisation of the garnet and hence
on the determination of Fe2+/Fe3+ based on stoichiometry. In the garnet from the metarodingite, a small-scale zoning in H2O
contents of less than 100 µm can be resolved, indicating that the Ti–H defect is stable up to eclogite facies conditions and
not modified by diffusion even at timescales of millions of years.
Keywords Quantitative compositional mapping · Garnet · FTIR mapping · Nominally anhydrous minerals

Introduction
Garnet is a common metamorphic mineral formed during
prograde dehydration reactions such as encountered during
the subduction of oceanic crust and sediments. The garnet
formula contains neither H2O nor OH groups; nevertheless,
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it can incorporate several hundreds of ppm H2O as OH
groups where H+ incorporation is charge-balanced by cation substitutions. Because of the large P–T stability field of
garnet, the incorporated H2O can be transported inside the
slab to the deep mantle and might play an important role in
the Earth’s deep water cycle. It is essential to know where
the OH groups are located in the garnet structure, and which
coupled substitutions exist for the incorporation of H+. The
dominant substitution found so far is the replacement of a
Si4+ cation by 4H+, known as the hydrogarnet point defect
(Cohen-Addad et al. 1967; Foreman 1968; Lager et al. 1987).
Other point defects have been proposed, involving H
 + substitutions for dodecahedral and octahedral cations (Andrut
et al. 2002; Basso et al. 1984; Geiger et al. 1991). Coupled substitutions have been invoked such as H–B and H–Li
point defects (Lu and Keppler 1997) and even incomplete
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silicon vacancies, like 3H+ substituting for a Si4+ and being
compensated by Ti4+ in octahedral site (Khomenko et al.
1994), or Fe3+ or Fe2+ together with one of two H+ in the
tetrahedral site in Ti-rich garnets (Kühberger et al. 1989).
Recent studies support that multiple point defects are present
in single garnet grains (Geiger and Rossman 2018; Reynes,
et al. 2018). It has been shown that garnet composition does
influence the incorporation of OH groups in the garnet structure. Garnet is a complex solid solution involving various
endmembers. Spessartine (Mn–Al), almandine ( Fe2+–Al),
pyrope (Mg–Al) constitute the widespread pyralspite subfamily, whereas grossular (Ca–Al), andradite (Ca–Fe3+) and
uvarovite (Ca–Cr3+) belong to the ugrandite subfamily. Garnet dominated by ugrandite endmembers can incorporate
up to several wt% H2O (Rossman and Aines 1991), whereas
pyralspite garnets usually incorporate only a few hundreds of
ppm (Aines and Rossman 1984). Spessartine can incorporate
more water (up to 1000 ppm H
 2O, Arredondo et al. 2001)
than pyrope and almandine (< 150 ppm H
 2O). Because garnet has these various solid solutions and their affinity for
H2O seems to differ, a correlation between major elements
and OH groups at a comparable scale is needed. Major and
minor element chemistry of garnet is usually measured by
Electron Probe Micro-Analysis (EPMA), which allows mapping with a resolution up to 1 µm. Fourier transform infrared spectroscopy (FTIR) is the optimal analytical technique
to measure OH groups in garnet. This method has various
advantages: (1) high resolution (down to ~ 5 µm with appropriate objective and detector); (2) low limit of detection
(~ 1 ppm H2O); (3) the wave number of absorption bands is
specific to the environment where H+ is located: the band
positions vary with the nearest neighbours of the vibrating
OH group and is then influenced by local charge balance;
(4) it is relatively cheap and fast. Therefore, the challenge
to investigate H+ substitution in garnet is to match compositional maps obtained with these two different analytical
techniques.
This study presents a novel approach and a set of programs for stacking H
 2O maps acquired by FTIR with quantitative compositional maps obtained by EPMA. This allows
matching pixel by pixel of the two maps, providing a database of 10,000 s to 100,000 individual points that can be
statistically assessed to determine coupled substitutions
involving H+ in garnet. Advanced processing of the FTIR
data using deconvolution of the spectra provides additional
information of the structural position of OH groups in the
garnet structure. This technique was applied to a grossularrich garnet from a metarodingite from Servette (Aosta valley,
Italy), and a Ti-rich andradite from a metapyroxenite layer
in ultramafic rocks from Valmalenco (Italy). In both cases,
a strong correlation between the minor element Ti and H2O
contents was found and a new hydrous garnet endmember
with the formula Ca3Ti2H2Si2O12 is proposed. The influence
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of H substitution on the computation of F
 e2+/Fe3+ ratios
in garnet, which can be used as a redox indicator, is also
assessed.

Samples and techniques
Sample description
The two samples presented in this work were collected in
the Alps. The first sample ServRod is a garnet from a rodingite from the Servette area (St Marcel, Aosta valley, Italy).
The various rock types in this area are interpreted as both
oceanic and continental margin units derived from the Mesozoic Tethyan ocean and the Palaezoic crust of the African
margin (Tartarotti et al. 2017). The area of St. Marcel is
known for metabasalts hosting a Fe–Cu sulphide deposit
and a Mn-ore deposit (Praz Borna), both related to oceanic
hydrothermal processes. The mafic–ultramafic rock suite
experienced extensive oceanic metasomatism, followed by
high-pressure metamorphism during the Alpine subduction
with peak metamorphism at 550 ± 60 °C and 2.1 ± 0.3 GPa
(Martin et al. 2008). These conditions were derived from
talc-schists that are associated with serpentinites. Within
the same serpentinites, meta-rodingite occurs as meter-sized
boudins that are interpreted to derive from mafic dykes that
experienced rodingitisation during the seafloor alteration.
The close link between the talc-schists, serpentinites and
meta-rodingites suggests that all rock types share a common
metamorphic evolution. The meta-rodingites are composed
of 60% brownish garnet and 40% green diopside. Garnet
grains are 1–3 mm in diameter, rock forming, automorphic
with no evidence of resorption. No low-pressure hydrous
mineral associated with retrogression was observed in the
sample (see supplementary Figure S1 for optical image).
The second sample TiAnd was collected in Valmalenco,
Italy. It consists of 5–10-mm-sized garnet crystals in a
metapyroxenite layer identified as melanite (Ti-rich andradite). Details about this sample were previously published
by Müntener and Hermann (1994). Garnet formed in equilibrium with diopside, chlorite and minor ilmenite, perovskite and magnetite and is thought to have crystallised at low
pressures of 0.5 ± 0.2 GPa and a maximum temperature of
400–450 °C. The garnet grains are optically zoned, with a
black melanite core surrounded by a large yellow-brownish andradite rim (see supplementary Figure S1 for optical
image).
The garnets were cut near the centre of each grain. Both
samples were prepared as double polished thick sections on
a glass slide (280 µm for ServRod and 162 µm for TiAnd).
This thickness was selected to get (1) good optical transmission and (2) a low H
 2O detection limit with infrared
spectroscopy. Electron microprobe X-ray mapping was
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performed first, before transmission infrared spectroscopy,
which requires detaching the thick sections from the glass.
The two techniques have different excitation volumes, as
one is a near-surface analysis (EPMA) and the other a transmission technique (FTIR). This point is discussed in detail
below.

Analytical techniques
Electron microprobe (EPMA)
Major elements maps of garnet were acquired using a JEOL
JXA 8200 superprobe instrument at the Institute of Geological Sciences, University of Bern. Thick sections were
polished to ¼ µm and carbon coated. The accelerating voltage was set to 15 keV and the beam current to 100 nA for
mapping and 20 nA for conventional spot analyses. A set
of spot analyses was also acquired in the mapped area for
calibration. The following elements were measured: Si, Ti,
Al, Cr, V, Fe, Mn, Mg and Ca and calibrated using a set of
natural and synthetic standards: almandine ( SiO2, Al2O3,
FeO); anorthite (CaO); ilmenite ( TiO2); tephroite (MnO);
olivine (MgO); spinel (Cr 2O 3); shcherbinaite (V 2O 3).
Peak and background were measured for 20 s and 2 × 10 s,
respectively for spot analyses and a dwell time of 150 ms
was used for mapping. Two maps were acquired: a map of
1000 × 1000 pixels with a step size of 2 µm on the ServRod
sample and a map of 650 × 650 pixels with a step size of
8 µm for TiAnd. The maps were calibrated and further analysed using XMapTools 3.2.1 (Lanari et al. 2014, 2019). No
time-related intensity drift was observed using the monitoring tools available in XMapTools (see discussion and
examples in Lanari et al. (2019)).
Fourier transform infrared spectroscopy (FTIR)
FTIR utilises vibration of OH groups when exposed to
specific wavelengths of radiation. A specific region of the
mid-infrared, approximately 3000–3800 cm−1, typically
corresponds to the stretching frequency of OH groups in
silicates. Measured absorbance enables quantification of the
OH content in the sample. This content is determined using
the Beer–Lambert law with specific absorption coefficients
and is commonly expressed as H2O ppm by weight (µg/g).
FTIR also provides information on the structural environment of these OH groups.
Transmission FTIR spectroscopy maps were acquired
at the University of Bern. The instrument is equipped with
a Plexiglas chamber with controlled airflow and moisture
to limit environmental variations of C
 O2 and H
 2O (relative
humidity < 10%). This instrument has two detectors: a single spot, nitrogen-cooled mercury cadmium telluride (MCT)
detector and a focal plane array (FPA) detector—composed
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of 64 × 64 = 4096 liquid nitrogen-cooled MCT elements on a
square array. The minimum pixel size is 2.7 µm × 2.7 µm. A
2 × 2 to 8 × 8 binning was used blowing up the pixel size to,
respectively, 5.4 × 5.4 µm and 21.6 × 21.6 µm, but improving
the quality of each spectrum. The choice of binning was also
motivated by the size of the area measured, as the Bruker®
OPUS® program cannot acquire maps containing more than
200,000 spectra. Garnet from Servette Rodingite was measured with a binning by 2 of the FPA detector and a pixel
size of 5.4 µm. The map represents 14 × 14 tiles of 172.8 µm
with 1024 spectra per tile—leading to 200.704 spectra in
total. 140 scans per spectrum were chosen to complete the
map in less than 5 h—the maximum autonomy of cooling
of the FPA detector. For the second sample TiAnd, a map of
35 × 35 tiles and a binning of 8 was set—leading to a pixel
size of 21.6 µm—78.400 spectra, and 10 scans per spectrum.
The relatively low number of scans was required to maintain
the measurement time below 5 h. The data quality is still
good as the binning of the detector improves the signal to
noise ratio. Each spectrum was acquired in the middle infrared between 900 and 4000 cm−1 with 8 cm−1 wavenumber
resolution. Spectra were baseline corrected using the concave rubber band algorithm of O
 PUS® with 64 points and
four iterations. For TiAnd, pseudo-transmission measurements were acquired using an ATR objective coupled with
the single-spot MCT detector. The objective is composed
of a germanium crystal touching the sample, resulting in an
evanescent wave of infrared light that is transmitted through
the uppermost portion of the sample, allowing measurement
of a very thin layer at the surface of the sample, with a penetration of less than 1 µm and a spot size around 30 µm (see
supplementary material S2 for details). This method allows
high water contents, up to several wt% H2O to be measured
but it does not detect low water content < 1000 ppm H
 2O
because of the small penetration depth.

Data processing
OPUS and FPAMap
OPUS®, the main Bruker® FTIR program, was used for data
visualisation, baseline subtraction and, where needed, atmospheric H2O compensation. An in-house program FPAMap
was developed as a MATLAB®-based graphical user interface (GUI) for advanced data processing. It reads the integrated areas determined by OPUS from the OH stretching
region and overtone. In the case of garnet, the OH stretching region results in absorbance at 3400–3800 cm−1 and the
overtone region—associated with harmonics of Si–O bonds
vibrations—produces absorption bands at 1600–2000 cm−1.
For the sample ServRod, an overtone–thickness relationship
was applied to correct for small variations in the thickness of
the sample (thickness = 1.2786 × overtone, see Reynes et al.
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(2018)). The absorption map for water is then normalised to
1 cm thickness of garnet. The H
 2O content (in µg/g H
 2O) is
computed, using an appropriate absorption coefficient kabs
defined by the following equation:

kabs =

c × MH2 O
d×𝜀

,

(1)

where c is a normalisation constant equal to 106 (corresponding to the conversion from g/g to µg/g (ppm H
 2O),
MH2 O is the molar mass of H
 2O, d is the density of the mineral and ε the extinction coefficient, a.k.a calibration coefficient—determined by an independent method and specific
to a mineral. The coefficient from Maldener et al. (2003)
for grossular, 𝜀 = 14,400 l·mol−1·cm−2 was chosen, where
a H2O content of 870 ppm was derived by nuclear reaction
analysis (NRA) on a grossular crystal. A complementary
study by Reynes et al. (2018) has shown that this coefficient
is suitable for grossular-rich garnet.
In the case of the TiAnd sample, a thickness correction
based on overtone was not possible because of compositional variability affecting the overtone region shape and
absorption and thus a constant thickness of 162 µm, measured with a M
 itutoyo® micrometer, was used. The overtone
map was only used to detect mineral inclusions. The same
extinction coefficient ε was used (see below for justification).
The output file of FPAMap contains a H2O content map of
the sample, expressed in ppm H2O.

StackMaps
A second GUI-based program, StackMaps, was designed
for the superposition of FTIR and EPMA maps. As the two
datasets were obtained on two different instruments, and
the sections were detached from the glass to be measured
by transmission on FTIR, it was impossible to analyse the
same area with the same resolution and orientation. The
FTIR map was acquired on a larger zone, and a geometric
transformation based on a set of reference points (crystal
edges, cracks, inclusions) is needed to find the correct position relative to the EPMA maps via affine transformation,
combining translation, scaling, shearing and rotation. As
the pixel size is different, the map with the lowest resolution (FTIR) was resampled based on the highest resolution
(EPMA). The output of StackMaps is a H2O map with the
same orientation and resolution than the EPMA map. The
major element composition of each pixel is known as well as
the corresponding H2O content allowing a structural formula
to be calculated. This correction is required as the FTIR map
can be distorted, due to lower accuracy of the stage and binning, in comparison to microprobe map.
This program has been incorporated as an add-on in the
mapping package XMapTools (Lanari et al. 2014, 2019).
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GarnetH2O
The third program GarnetH2O is an external function of
XMapTools for generating maps of structural formula of
garnet based on the maps of S
 iO2, TiO2, Al2O3, Cr2O3,
V2O3, FeO, MnO, MgO, CaO and H2O expressed in mass
weight percentage of oxide. Normalisation is done on a basis
of eight cations, with the possibility of counting (2H)2+ or
(4H)4+ as one cation, as they do substitute for one silicon.
For this study, there is good evidence that H is incorporated
in the garnet as (2H)2+. Therefore, garnet normalisation
assumes all H as (2H)2+ and a fixed cation number of 8.
The proportion of Fe2+ and Fe3+ is then adjusted assuming
a sum of charges of 24 (see supplementary material S3). The
tetrahedral site is considered as being occupied by Si4+, Hx
((2H)2+ or (4H)4+) and potentially Al3+, octahedral site by
Ti4+, Al3+, V3+, Cr3+, Fe3+ and in the case of Ti-rich andradite garnets Fe2+ and M
 g2+ and M
 n2+. The dodecahedral
2+
2+
2+
site has C
 a , Mn , Mg and F
 e2+, only C
 a2+ and M
 n2+
for Ti-rich andradite.

Deconvolution and correction of artefacts
A deconvolution was applied to the spectra of both maps to
better resolve the water region and define the relative contributions of each peak. The code, written in M
 ATLAB®,
uses a modified version of the peakfit function developed
by Tom O’Haver (2015). The position of the different peaks
is fixed, and the program only adjusts the peak heights and
widths to fit the measured signal. Results consist of height,
width and area data for each peak, which can be displayed as
maps as well. The same resampling algorithm and geometric
transformations were applied as previously described for the
FTIR water map.
For the sample ServRod, fluid inclusions caused a broad
absorption band centred at 3420 cm−1. A specific algorithm
was used to model fluid inclusion by fitting this region with
a broad Gaussian centred on 3420 cm−1—and minimising
the residual area between 3400 and 3100 cm−1. This procedure was applied to each spectrum and resulted in a map of
fluid inclusion density. The spectra were corrected for fluid
inclusion. Only the garnet OH stretching group bands are
discussed in the following.

Results
EPMA maps
Compositional maps obtained by EPMA are presented
in Fig. 1 for ServRod and Fig. 2 for TiAnd (additional
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Fig. 1  Element maps acquired by EMPA for sample ServRod. Each map is expressed in atoms per formula units (apfu). Normalisation was done
using 24 charges, 8 cations and (2H)2+ counting as a cation
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Fig. 2  Element maps acquired by EMPA for sample TiAnd. Each map is expressed in atoms per formula units (apfu). Normalisation was done
using 24 charges, 8 cations and (2H)2+ counting as a cation
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compositional maps are presented in supplementary material
S4). These maps are expressed in atoms per formula units
(apfu), calculated on an eight cations basis.
ServRod garnet shows a high Ca (> 2.6 apfu) and Al content (> 1.7 apfu). Therefore, it is a grossular garnet with
minor andradite and almandine component (see Table 1
for endmember formula). Various oscillatory zonings in
dodecahedral cations such as C
 a2+, Fe2+ and M
 n2+ as well
as octahedral cations A
 l3+, Ti4+ and F
 e3+ create complex but
sharp zoning patterns. The Ti content increases from the rim
to core by a factor of five, varying from 0.01 to 0.05 apfu.
TiAnd garnet is mainly characterised by three chemical
zones, delimited by their Ti content (Fig. 2). The rim zone,
with Ti < 0.2 apfu shows a high Fe3+ = 2 apfu and a Si4+ = 3
and dodecahedral site fully occupied by C
 a2+—characteristic
of andradite garnet. Small and sharp bands appear in the Ti
map, with Ti rising from 0.1 to 0.25 apfu. The second zone
is only 200 µm wide and consists of a sharp increase of Ti
form 0.2 to 0.4 apfu. The core zone is characterised by a high
Ti content up to 0.7 apfu and a Si deficiency (2.7 < Si < 3).

Table 1  Garnet endmembers
Dry endmembers
Ca3Al3+2[Si3]O12
Ca3Fe3+2[Si3]O12
Ca3Fe2+Ti4+[Si3]O12
Ca3Fe3+Ti4+[Fe3+Si2]O12
Ca3Fe3+Ti4+[Al3+Si2]O12
Hydrous endmembers
Ca3Al3+2[H4Si2]O12
Ca3Fe3+2[H4Si2]O12
Ca3Ti4+2[H2Si2]O12

Grossular
Andradite
Morimotoite
Schorlomite
Al–Ti Andradite
Hydrogrossular
Hydroandradite
Ti–hydrogarnet

a

FTIR single spectra
Core to rim spectra were extracted for both samples and are
shown in Fig. 3. Servette rodingite spectra (ServRod, see
Fig. 3a) display three bands at 3500–3700 cm−1. A main
band, around 3595 cm−1 is flanked by two smaller bands on
either side at around 3546 cm−1 and 3652 cm−1 of similar
intensity. These bands are visible in all analyses from core
to rim. According to peak positions and shapes, this sample
is similar to class 5 grossular according to the classification
of Rossman and Aines (1991) (rodingite, Liguria), despite
the singularity that the main band is at lower wave number
than in the classification (3595 cm−1 for 3612 cm−1). The
spectra in the core region are affected by a large bump due to
fluid inclusion, centred on 3420 cm−1. The overtone region,
1600–2000 cm−1, shows the characteristic peak and shoulder
of garnet, and allows the sample thickness to be determined
(see above).
Titanium andradite (TiAnd) spectra show absorption in
the range 3500–3700 cm−1 (Fig. 3b) similar to the Servette
rodingite. Spectra corresponding to the rim zone, optically
yellow-brownish, display two well-defined bands at 3563
and 3604 cm−1, characteristic of pure andradite (Amthauer
and Rossman 1998). Darker zones show a stronger absorption of the first band, around 3563 cm−1 and the appearance
of a second band, around 3581 cm−1, which forms a doublet with the previous. The core of the sample completely
absorbs IR radiation between 3530 and 3640 cm−1 due to the
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The Mg content is increasing from rim (0.02) to core (0.08
apfu). The Ca pattern does not vary with the zones with a
value around 3 apfu and thus F
 e2+ and M
 g2+ occupy octahedral sites. As a consequence, zoning involves only variations
in octahedral and silicon site occupancies.
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Fig. 3  Core to rim FTIR spectra in the middle infrared in region 1500–2000 cm−1 and 3100–3800 cm−1. a ServRod sample, b TiAnd sample
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high water content (> 5000 ppm H2O). The overtone region
1600–2000 cm−1 shows variability between the rim characterized by sharp bands and the core zone with smoother
peaks. The absorbance of these bands is modified up to 50%,
though the thickness is not varying by more than 5%. These
differences imply that a linear overtone to thickness law is
not appropriated for this sample.

FTIR maps
The H2O distribution maps of the two garnets (Fig. 4a, c)
display surprisingly sharp, regular zoning patterns. The
comparison of the H2O zoning with the major and minor
element zoning (Figs. 1, 2) provides further evidence
for a strong correlation between Ti and H
 2O. The map

a ServRod

correlation algorithm StackMaps was used to superimpose
H2O with EPMA maps. Figure 4 shows for each sample the
maps of H2O and TiO2 with the corrected resolution and
orientation. ServRod maps (Fig. 4a, b) show oscillatory
zoning in TiO2 and H2O. The H2O content is increasing
from 300 ppm H
 2O at the edge of the crystal to 900 ppm
H2O in the interior, while TiO2 increases in a similar pattern from 0.2 to 0.9 wt%. The noisy zone present on the
top left corner of the water map is an artefact linked to
the smaller size of the analysed grain. TiAnd (Fig. 4c, d.)
reveals one order of magnitude higher TiO2, from the rim
below 1 wt% up to 10 wt% in the core. Similarly, the H
 2O
content ranges from 300 to 5000 ppm inward. As shown
in Fig. 3, the H
 2O content in the core of the sample is
underestimated due to the nearly complete absorption of
the infrared light.
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Fig. 4  H2O content map obtained from FTIR measurements (a, c)
and compositional map of T
 iO2 content in wt% (b, d) for sample
ServRod and TiAnd, respectively. The dashed black lines represent
the positions of the profiles which are displayed in Fig. 3 and for
TiAnd the profiles in Fig. 5. Grey dashed rectangular area on subfigure c corresponds to the area used for map deconvolution presented
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in Fig. 10. Purple dashed line rectangular shape is delimiting the part
used for detailed analysis in Fig. 6a–e for ServRod and Fig. 6b–f for
TiAnd. Deconvoluted spectra of spots 1–4 for ServRod are displayed
in Fig. 7 and spots 1–4 for TiAnd are displayed in Fig. 8. White zones
on maps are inclusions, artefacts and zones corresponding to another
phase than the mineral of interest
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ATR profile

Correlation maps and correlation plots

To deal with complete absorption issues in the core of
TiAnd, a rim–core profile was measured on the same grain
with the ATR objective, using a spectral resolution of
8 cm−1, 512 scans and a step size of 45 µm. The profile is
presented in Fig. 5, and is located in Fig. 4—it follows the
FPA profile presented in Fig. 3b. In Fig. 5a, the integrated
absorption between 3400 and 3700 cm −1 is displayed
together with the integrated absorption measured with the
FPA detector. Distinct features noticed on the two profiles
(purple dots) enable to calibrate the ATR spectra for H
 2O
content and compute the effective penetration depth of the
IR beam in the range 3500–3700 cm−1 which is 0.56 µm
(details in supplementary material S5). While the FPA
profile reaches complete absorption and a flat trend of
H2O content towards the core at about 5000 ppm H2O, the
ATR profile reveals a higher content up to 8000 ppm H
 2O.
Using the ATR profile (Fig. 5), an average H2O content
of 6100 ppm in the core can be recalculated, assuming a
spheric approximation of the garnet. This is in excellent
agreement with the 6600 ± 1000 ppm H
 2O obtained for
separated garnet cores measured for the bulk water content
by thermal combustion measurements (Müntener and Hermann 1994). This underlines that the coefficient chosen for
calibration of the IR spectra, 14,400 l·mol−1·cm−2 (Maldener et al. 2003) for a grossular garnet is also appropriate
for Ti-rich andradite. Detection limits appear to be in the
region of 500 ppm H2O, which is impressive considering
that the depth of penetration is below 1 µm with the ATR
objective.

For both samples, H
 2O and T
 iO2 contents are increasing
from rim to core (Fig. 4). To test coupled substitutions, the
molar abundance is required to quantify by how many moles
H increases with one mole of Ti.
The notation n* x corresponds to the number of moles of
x within one tonne of mineral.
n × H is computed using

200

0.5

0

0

100

1000

2000

3000

4000

0
5000

Profile length (µm)
Fig. 5  Multiple profiles acquired by FTIR and microprobe along the
same line. a Integrated ATR (< 1 µm penetration) absorbance (blue)
and FPA transmission measurement absorbance (red) along the same
profile drawn in Fig. 4c–d. Purple dots are the reference points used
to calibrate the penetration depth of the IR light using the ATR objec-
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(2)

n∗ Ti = TiO2 (wt%) ×

1
× 10, 000
MTiO2

(3)

with TiO 2 wt% and M TiO2 the molar mass of TiO 2
(79.866 g·mol−1). Two rectangular areas free of artefacts
and representative of the variations were selected for further
investigation. The results are presented in Fig. 6 containing
100,000 pixels for the ServRod and 110,000 pixels for the
TiAnd maps. The value of n* Ti for each pixel was plotted
in a binary diagram against the corresponding n* H for both
samples and the results presented as density maps (Fig. 6c,
d). Each pixel colour is proportional to the number of analyses (i.e. originally pixels of the maps shown in Fig. 6a, b)
overlapping the pixel using a logarithmic scale. For ServRod, the yellow zones on density maps correspond to density
above 50 analyses, and represent the main compositional

b

15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0
0

9000
8000
7000
6000
5000
4000
3000
2000

Water content (ppm H2O)

1

2
MH2 O
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tive. b H2O content profile (in ppm) computed from FTIR-FPA measurements (in black straight line), water-content profile computed from
FTIR-ATR measurements (in black dashed line) and TiO2 wt% profile
(in blue)
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1
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Zo > 37
H
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0
ne 37
Zo *H<
<n
00

2
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1
ne 00
Zo H<2
n*
0<

Fig. 6  Selected parts of the water maps (see Fig. 4 for location) for
detailed analysis (a, b). White zones represent other phases than
garnet. c, d Density plot showing n* H versus n* Ti in mol·t−1 (see
text for meaning of these notations). Each point takes a colour value,

which is determined by the number of points overlapping the marker.
Regression lines in red are shown together with coefficient of determination (R2). Vertical dashed lines are delimitations of different
zones identified on maps (e) and (f)

groups in the crystal. This dataset was classified into five
compositional groups (Fig. 6e). The linear fit between Ti and
H has a slope of 0.96 over all five zones (Fig. 6c). In the case
of the TiAnd sample (Fig. 6d), the relationship between n* Ti
and n* H was investigated separately in three regions of compositions (Fig. 6f) corresponding to (1) the low-Ti rim, (2)

the intermediate mantle and (3) the core enriched in Ti. For
n* H ranging between 0 and 200 mol·t−1, the linear regression has a slope of 1.28. The slope changes to 1.89 for the
region with n* H comprised between 200 and 370 mol·t−1.
Over 370 mol·t−1, water measurement by transmission is not
reliable because of nearly complete absorption. Therefore,
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for n * H > 370 mol·t−1, only single points extracted from the
ATR profile presented in Fig. 5 are plotted, and the regression gives a slope of 1.16.

Structural formula and substitution mechanism
The full quantification of garnet composition involving also
water provides the basis for the calculation of the structural
formula. Selected EPMA data of ServRod are presented in
Table 2 and TiAnd on Table 3. In ServRod, there is a slight
decrease of Si (in apfu) from rim to the core with a concomitant increase in 2H. Only in the core, a small amount of Al is
required to fill the tetrahedral site. The excellent correlation
of H to Ti (Fig. 6c) is also noted in the structural formula
with twice as much Ti than 2H. This suggests that the coupled substitution of 2H on the Si site is charge balanced by
2Ti on the octahedral site. There is not enough Al and Ti to
fully occupy the octahedral site and thus a small amount of
Fe3+ is required. The dodecahedral site is dominantly filled
with Ca with minor Fe2+, and Mn and traces of Mg.
Table 2  Selected microprobe analysis of ServRod sample
ServRod

Point1

Point2

Point3

Point4

SiO2
Al2O3
Cr2O3
TiO2
FeOtotal
FeO
Fe2O3
MnO
MgO
CaO
H2O
Total
Si
2H
AlTetra
Σ Tetra
Al
Ti
Fe3+
Σ Oct
Fe2+
Mn
Mg
Ca
Σ Dod
Σ Charges
Σ Cations

39.65
20.38
bdl
0.15
6.49
3.85
2.94
2.89
bdl
31.38
0.03
101.23
3.010
0.008
0.000
3.018
1.823
0.009
0.168
2.000
0.244
0.186
0.000
2.552
2.982
24.03
8.000

39.29
20.30
bdl
0.33
4.69
2.03
2.96
0.87
bdl
34.61
0.05
100.47
2.983
0.013
0.004
3.000
1.812
0.019
0.169
2.000
0.129
0.056
0.000
2.815
3.000
23.99
8.000

38.65
20.20
bdl
0.62
4.77
2.73
2.27
1.59
0.18
32.69
0.07
99.02
2.979
0.018
0.003
3.000
1.832
0.036
0.132
2.000
0.176
0.104
0.021
2.700
3.000
24.00
8.000

38.69
20.46
bdl
0.77
5.91
3.85
2.30
0.72
0.37
32.54
0.09
99.83
2.958
0.022
0.020
3.000
1.824
0.044
0.132
2.000
0.246
0.047
0.042
2.665
3.000
23.98
8.000

bdl below detection limit
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Table 3  Selected microprobe analysis of TiAnd sample
TiAnd

Point 1

Point 2

Point 3

Point 4

Point 5

SiO2
Al2O3
Cr2O3
TiO2
FeOtotal
FeO
Fe2O3
MnO
MgO
CaO
H 2O
Total
Si
2H
Altetra
Σ Tetra
AlOct
Ti
Fe3+
Fe2+
MgMnOct
Σ Oct
MgDod
Mn
Ca
Σ Dod
Σ Charges
Σ Cations

35.22
0.85
0.47
0.82
26.31
0.11
29.12
0.00
0.02
33.05
0.06
99.24
2.983
0.017
0.000
3.001
0.080
0.052
1.842
0.016
0.003
1.993
0.000
bdl
2.999
2.999
23.980
7.993

35.70
0.87
0.42
2.05
25.02
0.52
27.23
0.00
0.64
32.95
0.13
100.51
2.979
0.037
0.000
3.015
0.086
0.129
1.699
0.047
0.040
2.000
0.040
bdl
2.945
2.985
24.000
8.000

34.25
0.98
0.16
4.85
22.59
0.29
24.78
0.47
0.27
33.25
0.34
99.65
2.869
0.094
0.037
3.000
0.060
0.305
1.555
0.027
0.052
1.999
0.000
0.016
2.984
3.000
24.000
8.000

34.07
1.05
0.29
7.67
20.86
1.36
21.67
0.19
0.28
33.78
0.55
100.90
2.814
0.151
0.035
3.000
0.065
0.472
1.329
0.108
0.025
1.999
0.005
0.010
2.985
3.000
24.000
7.999

32.85
1.13
0.22
11.24
17.80
2.05
17.50
0.32
0.51
33.28
0.84
99.94
2.707
0.231
0.062
2.999
0.048
0.702
1.074
0.149
0.027
2.000
0.033
0.020
2.947
3.000
24.000
8.000

bdl below detection limit

TiAnd has the dodecahedral site filled almost completely
 e2+ and M
 g2+ substitute into the octaheby Ca2+. Thus, F
dral site in the core of the garnet, providing evidence for
the Morimotoite substitution occurring in Ti-rich andradite garnet 2Fe3+ ↔ Ti4+ + Fe2+ (see Table 1 for endmember definition). The core is Si deficient with 0.3–0.4 apfu
missing, compensated mainly by (2H)2+ giving raise to the
coupled substitution 2Fe3+ + Si4+ ↔ 2Ti4+ + (2H)2+ . This
substitution is responsible for 2/3 of the Ti incorporation
in the andradite. Some minor tetrahedral X
 3+ cations (X
= Fe or Al) are needed in the high Ti-andradite following
another Ti substitution mechanism3+, called schorlomite
X3+ + Si4+ ↔ Ti4+ + X3+ . Results of structural formula
computation from X-ray chemical map and FTIR water maps
are presented in Fig. 1 for ServRod and Fig. 2 for TiAnd, and
take into account the H
 2O content measured by FTIR, with
H counting has (2H)2+ cation occupying the silicon site. For
ServRod sample (Fig. 1) the (2H) apfu map is equivalent to
1/2 times the Ti apfu map.
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Deconvolution of spectra
The integrated absorbance permits calculation of total H2O
in the garnet structure but it does not take into account that
several peaks/bands may exist for a sample, and that their
positions and relative intensities may vary. However, FTIR
spectra also contain detailed information regarding the environment of the OH groups in the garnet structure that can be
extracted using spectrum deconvolution. The deconvolution
consisted in fitting each measured spectrum with Lorentzian
or Gaussian peaks to resolve the different band contribution. Four parameters were obtained for each peak: position,
width (half-width—the width of the distribution at height

a

ServRod -

divided by two), height and area. Selected spectra were
extracted from the maps and are presented in Fig. 7 for ServRod and Fig. 8 for TiAnd. Gaussian peaks were used for the
sample ServRod and Lorentzian peaks for TiAnd to obtain
the best deconvolution possible for each case. Four representative spectra (see Fig. 4a for location) were selected for
ServRod, and are plotted in Fig. 7. Spectra can be resolved
by at least three peaks, after a correction of the signal to
remove a broad Gaussian peak centred at 3420 cm−1 caused
by fluid inclusions. The first peak around 3547 cm−1 does
not show a strong protuberance and is most of the time limited to a shoulder, due to its proximity with the main peak.
It always appears as the second peak in term of intensity and
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Fig. 7  Selected spectra of ServRod with associated deconvolutions.
Only the OH stretching region between 3200 and 3750 cm−1 is displayed. The spectra positions are shown in Fig. 2a. a Rim spectrum,
b, c mantle spectra and d core spectrum. All spectra are normalised
to the thickness of the sample. Purple round markers are measured
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signal, blue round markers are the corrected signal by subtraction of
fluid inclusions. The fluid inclusion corresponds to a wide Gaussian
peak in black, whereas the three peaks of the deconvolution are narrow Gaussians shown in green. The sum of the three Gaussians bands
is shown in red
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Fig. 8  Selected spectra of TiAnd sample with associated deconvolutions. Only the OH stretching region between 3400 and 3750 cm−1 is
displayed. The spectra positions are shown in Fig. 2c. a Ti-enriched
zone in the rim acquired with ×15 objective, b low-Ti zone acquired
with ×15 objective, c start of the high-Ti zone towards the core

acquired with ×15 objective and d core spectra acquired with ATR
objective. The measured data are shown with blue dots, in green the
modelled Lorentzian peaks and in red the sum of the modelled lorentzian peaks

area. The main peak around 3595 cm−1 and the third peak
around 3652 cm−1 both show distinct local maxima. The
fluid inclusion peak is apparently decoupled from the estimated water content—even if the core of the garnet shows
the highest water content and is often associated with a large
fluid inclusion peak. Selected deconvoluted spectra of sample TiAnd (see Fig. 4c for location) are presented in Fig. 8.
Deconvolution was performed using four Lorentzian peaks
with fixed positions at 3563, 3581, 3604 and 3624 cm−1 for
the spectra from FPA map. The spectra acquired in the core
of the sample with ATR objective allowed us to detect a
fifth peak—which appears as a shoulder at low wavenumber,
around 3540 cm−1. The main doublet is composed of peak
3563 and 3581 cm−1.

Maps of deconvoluted peaks

13

An automated process was developed which enables to process the entire maps made of tens of thousands spectra. For
ServRod, parameter maps were produced and are displayed
in Fig. 9. The positions of peak 2 (3595 cm−1) and peak 3
(3652 cm−1) are varying across the map in a systematic manner while this was not observed for peak 1 (map is available
in supplementary material S6). Comparing with compositional maps, it appears that the main peak 3592–3599 cm−1
is following the calcium content (Fig. 1d). Even if H is in
tetrahedral site, Ca can influence the frequency of stretching of the nearby OH bonds, though its direct influence on
water incorporation is not obvious. Peak 3 (Fig. 9b) shows

b
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Fig. 9  Maps obtained from the deconvolution of the whole FTIR map
of ServRod sample. a Local maximum positions of the main peak. b
Local maximum positions of the third peak. c Water map showing the

contributions of the main peak to the total water content determined.
d Fluid inclusion density map expressed as area of the fluid inclusion
peak for 1 cm thickness

two main zones with a marked shift of the peak from 3646
in the core to 3654 cm−1 at the rim that is not related to any
obvious change in garnet composition. Figure 9c represents
the main peak area map expressed in ppm H2O using Eq. 1
(area maps for peak 1 and 3 are shown in supplementary
material S7). Figure 9d is a map of the area of the fluid
inclusions modelled peak, expressed in cm−2 corrected by
the thickness of the sample. It does not provide quantitative
information about water content in fluid inclusions, as it is
an integrated signal through the sample thickness. It only
shows a pseudo-density map depending on the localisation
of the fluid inclusions across the sample. This map shows
that changes in OH band position and intensity are independent of the H2O band subtraction. The absence of relationship
between structural OH and the amount of fluid inclusions
containing free H
 2O demonstrates that the fluid inclusion
correction applied to the FTIR spectra is robust.
Deconvolution maps (location shown in Fig. 4c, d) of a
small area of sample TiAnd of the four main peaks observed
on FPA spectra were calculated, and compared to X-ray
maps of Ti, Fe3+ and Al, expected to be cations occupying
the octahedral site (Fig. 10 and supplementary material S8).
Although the peak positions do not vary significantly across

the map, the relative intensities (and area) of each peak are
varying. The two major peaks, 3563 cm−1 and 3581 cm−1
(Fig. 10a, b) are correlated with the Ti content (Fig. 10c)
with a 1/1 ratio (Fig. 10d), supporting the hypothesis that Ti
is directly influencing water incorporation in point defects
related to the OH groups vibrating at these wavenumbers.
The peaks 3604 cm−1 and 3624 cm−1 (Supplementary material S8) appear to be correlated with the Al content, though
they contain less than 10% of the total water quantified.

Discussion
Spatial resolution and limitations of the mapping
approach
The resolution of the EPMA is dependent on the excitation
volume of the electron beam and is typically about 1–2 µm
for the mapping conditions used in this study. The maximum
resolution of the FTIR is related to the wavelength of infrared light from 3–2.7 µm in the 3300–3700 cm−1 absorption
region of OH in garnet. The minimum resolution of a single
tile in the FPA detector images an area of 2.7 × 2.7 µm. We
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Fig. 10  Maps obtained from the deconvolution of the FTIR map of
TiAnd sample with map of cations occupying the octahedral sites
determined from the compositional maps, expressed in apfu. Only
a small representative zone has been plotted, show in Fig. 4c, d. a
Water content contributions of the peak at 3563 cm−1 (b) of the peak

at 3581 cm−1. c Ti apfu map. d Plot showing the number of moles/t
of Ti versus the number of moles/t of H for peaks 1 and 2. The plot is
a density plot, and only represents a selection of 37,960 analyses (see
Fig. 4c, d)

applied a 2 × 2 binning for the ServRod and an 8 × 8 binning for the TiAnd resulting in a maximum resolution of
5.4 and 21.6 µm. The main limitation of the combination
of maps presented here is related to the correlation between
near-surface analyses (EPMA) and transmission analyses
(FTIR). The different zones might be slightly inclined, leading to a smearing out of the signal. We have shown that Ti
and H are directly correlated in the ServRod (Fig. 4) and
thus the comparison between the EMPA Ti map and the
FTIR H2O map can be used to assess the resolution for this
270-µm-thick sample. The features at the 100-µm scale are
all easily resolved and visible on both maps. The smallest
features seen in the EPMA map are at the scale of 10 µm
and these are not resolved with the FTIR map. However, in
the detailed maps (Fig. 6a, b) and deconvoluted peak map
of Fig. 9c, features of 30 µm are resolved, in agreement with
the study of Jollands et al. (2019). This is further confirmed
by the comparison of the Ti map (Fig. 10c) with the map of
the 3581 cm−1 peak in TiAnd (Fig. 10b, d).
We recommend that the grain diameter should be at least
ten times bigger than the thickness of the measured section

and that the section is made near its centre. If the grain is
too thin compared to the thickness of the rock section, it will
produce mixed FTIR spectra, which leads to noise in the
FTIR map as seen on the upper left corner of the ServRod
sample (Fig. 4). A ten times bigger grain diameter ensures
that growth zoning is nearly perpendicular to the surface
(considering a rounded approximation as shape of the grain,
cut in its centre).
Other issues compromising the FTIR map are mineral or
fluid inclusions and cracks. Fluid inclusions can be filtered
by spectra deconvolution (Fig. 9d). The effect of mineral
inclusion depends on the type of inclusion and on the ratio
of the inclusion diameter versus the thickness of the mineral
section measured. Usually, the inclusions show an overtone
region—or harmonics of Si–O bonds vibrations—in the
middle infrared between 1400 and 2200 cm−1 specific of
the mineral type. As garnet shows characteristic peaks in the
overtone range 1600–2000 cm−1, the possible effects of mineral inclusion can be detected. The use of overtone-thickness
correction when possible or thresholds on the overtone help
to remove the largest inclusions (e.g. Fig. 4c, d). It remains
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that small inclusions near the surface (Fig. 4d) will not be
visible in the water map. By contrast, some inclusions are
visible in the water map but not in the EPMA maps—see
white zones in Fig. 4c, d. The cracks may cause dispersion
of the IR light, and might be partially filled with alteration
products or even contaminated by organic products due to
the polishing (epoxy, glue, diamond paste solvent). Geometric and oriented features are easily identified as artefacts.
The detection limit of transmission FTIR is linked to the
sample thickness. Small grains with very low water contents
may not be measurable because of the limited thickness.
The opposite is also true, a sample with very high water
content cannot be measured by transmission because even
thin enough sections would result in complete absorption.
This is the case for the core of our TiAnd sample. Considering these constraints, ideal is a grain of 1–3 mm in diameter,
prepared in a section of 100–300 µm (a first guess on water
content helps to select the appropriate thickness), which enables quantitative mapping in the range 5–3000 ppm H2O.

Titanium–H2O relationships: a new hydrous garnet
endmember?
Correlation of Ti and H was already observed in grossularandradite garnet from skarns by Johnson (2003), but profiles were measured with a square beam of 100 × 100 µm
for FTIR and 10 µm beam for EPMA. The mapping with a
FPA detector enables a pixel size of 20.6 × 20.6 µm (TiAnd)
or 5.6 × 5.6 µm (ServRod) resulting in 24–320 times more
analyses for the same area. Our new set of algorithms allows
the matching of FTIR H
 2O maps with EPMA compositional
maps pixel by pixel. Therefore, correlations based on a mapping approach are typically based on 10,000–100,000 s of
data points, making it possible to have more robust statistics.
A prerequisite for the correlation of Ti with H on a
molar basis in garnet is to have a well-constrained calibration of H
 2O absorption in andradite garnet. The published
extinction coefficients for garnet vary greatly (from 116 to
14,400 l·mol−1·cm−2, see Reynes et al. 2018 for details). For
the Ti-rich andradite core of TiAnd, independent combustion
measurements for the H2O content are available (Müntener
and Hermann 1994). These values are reproduced within
error using the extinction coefficient of 14,400 l·mol−1·cm−2
determined for grossular from Maldener et al. (2003), indicating that there is no significant difference in the extinction
coefficient between grossular and andradite.
ServRod shows a correlation close to 1:1 between n × Ti
and n × H suggesting that there is one Ti for each H in the
crystal structure (Fig. 6). This suggests that 2 H+ rather than
4H+ replace one S
 i4+ in the tetrahedral site. The resulting
charge deficiency is then compensated by two Ti4+ in an
adjacent octahedral site maintaining local charge balance.
An alternative substitution would be that 3H+ replaces one
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Si4+, charge balanced by one Ti4+ in an octahedral site. This
would result in a 1:3 correlation between n* Ti and n* H,
which is not observed. The sample TiAnd shows three different slopes in terms of n* Ti vs n* H (Fig. 6b). For the low
titanium content ( TiO2 ranging from 0.1 to 2 wt%), the slope
is 1.28. The second domain is characterised by a slope of
1.89 on a range of 1.6–3 wt% TiO2 demonstrating a relative excess of Ti in comparison of H in the crystal structure. This is caused by extra charge of Ti4+ in the crystal
structure being partially compensated by divalent cations
on the octahedral site (Morimotoite substitution). In the core
of the garnet, for n × H superior to 370 mol·t−1, only few
data points are available taken with ATR detector. The slope
obtained is 1.16 suggesting that a majority of Ti is linked
with H, but a small portion of Ti could be also compensated
by Morimotoite substitution.
Relationships between Ti and H in garnet have been
previously investigated by Armbruster et al. (1998) by
single-crystal X-ray refinement through the category of Tirich andradites (1–12 wt% Ti)—some being similar to our
sample TiAnd in terms of titanium content and water. They
observed that the incorporation of the small Ti4+ cation in
the octahedral site in the garnet structure causes some distortion favouring the incorporation of bigger cations, such
as Fe3+ or (4H)4+ on the tetrahedral site. In their study, the
extra charge introduced by T
 i4+ in the garnet structure was
thought to be entirely compensated by F
 e2+ in the octahedral
site (Morimotoite substitution) or F
 e3+ in tetrahedral site
(Schorlomite substitution). Kühberger et al. (1989) proposed
that the OH groups are disposed close to the sides of the
tetrahedron, allowing big cations like Fe3+ or Fe2+ to sit
together with one or two H in the tetrahedral site in similar
Ti-rich garnets. They demonstrated also that the presence
of Ti4+ introduces extra charge in the crystal and may be
compensated by incomplete silicon vacancy mechanism with
3H+ instead of 4 in the tetrahedral site. Our study is the first
to provide quantitative evidence that only two H occupy the
Si site resulting in a new garnet theoretical hydrous garnet
endmember with the formula Ca3Ti2H2Si2O12 (Table 1).

Recalculation of ferrous and ferric iron in garnet
The garnet TiAnd has a very high T
 iO2 up to 11 wt%, providing a challenge for correct normalisation due to the
large amount of extra charge induced by up 0.7 apfu of Ti.
Combining EPMA analysis, X-ray refinements, Mössbauer
spectroscopy and bulk water measurements, Müntener and
Hermann (1994) were not able to provide charge balanced
garnet structural formula. Therefore, they proposed that up
to half of the Ti present in the Ti-andradite is present as T
 i3+
to compensate the charge surplus. However, XANES spectroscopy on these garnets subsequently showed no evidence
for any T
 i3+ (Berry et al. 2007). Our new data provide an
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elegant solution to this problem. If H
 2O incorporation occurs
as (2H)2+ in the tetrahedral site, then twice more tetrahedral sites are occupied and charge balance is easily attained.
Thus (2H)2+ vs (4H)4+ on the tetrahedral site has also consequences for the recalculation of Fe2+/Fe3+ ratio in garnet.

Implications for H2O retention in garnet
The ServRod sample shows a water content of 200–850 ppm
H2O (Fig. 2a) with multiple zoning preserved during high
pressure metamorphism, estimated at 550 ± 60 °C and
2.1 ± 0.3 GPa (Martin et al. 2008). The highest water content is observed in the core of the garnet. Considering the
growth of garnet during a typical high pressure–low temperature path during subduction, the core of the garnet has
to be growing during prograde metamorphism (e.g. Baxter
and Caddick (2013)). Most of the water incorporated as OH
groups in the crystal structure was then incorporated during
the first stage of the garnet growth and kept during the whole
metamorphic cycle. Even the later growth zones are still at
200 ppm H2O, indicating that during the whole growth of
the garnet, OH groups were incorporated.
The oscillatory water zonings correlate with the Ti content, and both appear unaffected by diffusion. Experimental studies on H diffusion in grossular garnet have shown
that H potentially diffuses very fast via a proton–polaron
mechanism where the loss of a H is compensated by the
oxidation of a F
 e2+ to a F
 e3+ (Kurka et al. 2005; Reynes et al.
2018). Based on these results, a total loss of H in a garnet
grain of 2000 µm diameter would take less than 320 years at
the given peak temperature considering this fast oxidationrelated mechanism (Supplementary material S9). As the
Alpine subduction rates are in the order of 1–2 cm year−1
(Handy et al. 2010) a temperature above 500 °C was maintained for several million years. Hydrogen is obviously much
more retentive than expected. Higher retentivity could be
explained by very low oxygen fugacity at the eclogitic stage
slowing down the diffusion of hydrogen. Alternatively,
because the H is bound by a coupled substitution with Ti,
this might lead to a higher retentivity. This example demonstrates that to apply experimental H diffusivities in garnet
to constrain metamorphic timescales it is important to make
sure that the same diffusion mechanism is considered.
A final question is whether the measured H2O represents
the total water incorporated during the growth of the garnet
or whether some H2O was lost post formation. The measured
OH groups in ServRod garnets are related to only one stable
point defect ( Ti2H2). H in less stable point defects might
have been lost near the peak conditions or upon exhumation and cooling. It can be argued that the OH region in the
spectrum of the sample ServRod is very simple with only
three peaks, when spectra up to eight different peaks have
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been commonly identified in grossular grown in hydrothermal conditions (Rossman and Aines 1991).

Conclusions
The combination of quantitative compositional maps
obtained by EPMA and H
 2O maps acquired by FTIR provides constraints on the substitution mechanisms in garnet
based on 10,000 to 100,000 data points. FTIR data also
provide critical constraints on the environment of the OH
groups in the crystal structure. A deconvolution algorithm
has been designed to provide maps of single peaks that then
can be compared to major and minor element zoning. This
new approach has been applied to a grossular-rich garnet
from a high-pressure metarodingite and a Ti-rich andradite
formed during greenschist facies conditions. In both garnets, two H in the tetrahedral site are charge balanced by
two Ti on the octahedral site, resulting in a new hydrous
garnet endmember with the formula Ca3Ti2H2Si2O12. Therefore, twice as many Si-vacancies are produced for the same
amount of H2O compared to the classical hydro-grossular
defect where four hydrogens occupy a tetrahedral site, with
unknown effects on the rheological behaviour of garnet.
Our findings impact also on the recalculation of Fe2+/Fe3+
in hydrous garnet as the sum of cation is different when
only two hydrogens are allocated to a tetrahedral site. The
preservation of fine-scale H2O zoning at the 50 µm scale
in the high-pressure garnet provides evidence for minimal
diffusional resetting during the burial and exhumation of
subducted oceanic crust, indicating that the coupled Ti–H
substitution is more retentive than other H defects in garnets
that have been previously investigated in experimental diffusion studies.
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