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A B S T R A C T   

Deformation experiments were carried out on pure quartzite samples (>99% quartz) with a grain size of ~200 μm from Tana, Northern Norway. Deformation 
conditions were 900 ◦C, 0.1 wt% H2O added, strain rate ~1 × 10− 6 s− 1 at variable confining pressures from 600 to 2000 MPa. Detailed FTIR measurements of H2O 
indicate that the H2O content in the grain boundary region is higher than that inside quartz grains. Hydrostatic treatment and deformation at the chosen temperature 
and pressure conditions lead to further H2O loss from grain interiors and H2O increase in the grain boundary region. Varying the confining pressure does not have an 
observable effect on the H2O transfer from grains to the grain boundary region. The 3585 cm− 1 absorption band increases systematically with increasing confining 
pressure. As this band is associated with OH in dislocations, the increase may indicate an increased dislocation density with increasing pressure. The triplet of 3317, 
3375 and 3438 cm− 1 associated with Al-content in quartz increases in the grain boundary region indicating an exchange of H+ together with Al3+ for Si4+. The Al and 
H exchange suggest dissolution-precipitation processes in the grain boundary region facilitating the movement of the quartz grain boundaries (grain boundary 
migration). The H2O in the grain boundary region will be important for enhancing grain boundary migration and thus recrystallization processes during deformation.   

1. Introduction 

Since the early experiments by Griggs and Blacic (1965) it has been 
demonstrated in numerous studies that H2O has a pronounced weak-
ening effect on the plastic deformation of quartz and other silicates (e.g., 
Griggs 1967; Blacic 1975; Tullis and Yund 1980), and it is the commonly 
accepted view that deformation of silicates in the crust and upper mantle 
is facilitated by small amounts of H or H2O. The active processes of 
weakening may be different in different minerals (e.g., FitzGerald et al., 
1991; Mei and Kohlstedt 2000; Rybacki and Dresen 2000; Dimanov and 
Dresen 2005). For quartz, it has been demonstrated that the weakening 
agent is molecular H2O, not H-point-defects (Kekulawala et al., 1981; 
Paterson 1989; Kronenberg 1994; Cordier et al., 1994). The solubility of 
H2O in quartz is negligibly small (e.g., Paterson 1986, 1989; Kronenberg 
et al., 2017), so that H2O usually is present as fluid inclusions (e.g., 
Kekulawala et al., 1981; Paterson 1989; Tarantola et al., 2010). The size 
of these inclusions can be extremely variable, from hundreds of micro-
meters down to the nm-scale (Kekulawala et al., 1981; Aines et al., 1984; 
McLaren et al., 1989; Tarantola et al., 2010, 2012). 

As the solubility of H2O in quartz is very low, H2O needs to be 

transported into the grains. The transport of H2O into quartz typically 
takes place by advective processes through microcracks, not by diffusion 
(Kronenberg et al., 1986; Gerretsen et al., 1989). The microcracking and 
crack healing can easily generate fluid inclusions as well as glissile 
dislocations in quartz, so that this process is important for facilitating 
crystal plastic deformation (McLaren et al., 1989; FitzGerald et al., 1991; 
Tarantola et al., 2010, 2012, Stünitz et al., 2017). Removal of H2O from 
interiors of grains can be facilitated by grain boundary migration (e.g., 
Kilian et al., 2016) or other means such as micro-cracking (Palazzin 
et al., 2018) or involving dislocations (Kronenberg et al., 2017, 2020). 
Thus, microcracking, crack healing, grain boundary migration and other 
advective processes appear to transfer H2O between quartz crystals and 
a H2O reservoir during deformation. The interplay of different processes 
is important to understand the H2O budget in quartz aggregates and its 
role for crystal plastic deformation processes. In order to study the pa-
rameters controlling these processes, deformation experiments have 
been carried out on very pure quartzite samples. As confining pressure is 
of major importance for the effect of H2O on deformation (e.g., Kro-
nenberg and Tullis 1984), experiments have been performed at different 
confining pressures. The H2O content has been determined post mortem 
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by Fourier transform infrared spectroscopy (FTIR). 

2. Material, experiments, and analytical methods 

2.1. Starting material 

The material used in this study is a natural quartzite, called Tana 
quartzite, from the ELKEM quarry in Austertana, Northern Norway 
(N70◦28′39.6’’, E28◦32′30.1’’; for details see Négre et al. (2021) and 
Pongrac et al. (2022)). The Tana quartzite is used by the aluminium, 
silicon, and ferrosilicon industry (Aasly et al., 2007) because of its purity 
(>99% silica). Chemical analyses (from ICP-EOS) published in Pevik 
(2015) indicate major oxide values (apart from SiO2) of 3547 ± 1083 
ppm Al2O3, 441 ± 365 ppm Fe2O3, and 207 ± 37 ppm TiO2. 

The Tana quartzite underwent high grade diagenesis to very low 
grade metamorphism. The quartzite is composed of quartz sand grains 
and crystalline authigenic SiO2 cement (99%, Fig. 1a and b) and very 
few accessory minerals (<1%) such as white micas (sericite, pyrophyl-
lite), iron oxides (hematite), zircons, and very rare feldspars. Due to 
filling of the pore space by authigenic SiO2 cement, no visible porosity 
was detected in the light microscope or SEM (Fig. 1). 

Microstructural analysis and CL-imaging show that the quartz grains 
forming the Tana quartzite are composed of cores of equant and rounded 
detrital quartz sand grains, with various CL-colours and -intensity, and a 
non- or dark-luminescent cement between the grains (Fig. 1c and d). The 
cement is in crystallographic continuity with the sand grains on which it 
grows (Fig. 1a). Grains appear undeformed as they do not show 

undulatory extinction, except for rare sand grains showing inherited 
recrystallized microstructures. Occasionally, a few pressure-solution 
contacts due to burial of the sediment are observed. 

The size distribution of quartz grains composing the quartzite was 
obtained by image analysis using both polarized light and light micro-
scopy (LM)-CL-images. The mean grain size is 204 μm for quartz grains 
and 186 μm for original sand grains (Négre et al., 2021). 

2.2. Deformation experiments 

2.2.1. Experimental conditions 
All details regarding deformation experiments are provided in Négre 

et al. (2021), only a brief summary is given here. Coaxial shortening 
experiments of cylindrical cores of the Tana quartzite have been per-
formed in a new generation solid medium Griggs-type apparatus, with 
NaCl as the confining medium (Précigout et al., 2018). A first series of 
experiments has been performed to approximately 30 % coaxial short-
ening (total strain of samples is between ~26 and 33 %) at a temperature 
of 900 ◦C and constant strain rate of approximatively 10− 6 s− 1, with 
variable confining pressures (600, 700, 800, 1000, 1250, 1500 and 
2000 MPa) (Table 1). In all experiments, 0.1 wt% of H2O has been added 
to the assemblage prior to deformation. A second series of experiments 
has been carried out at 2000 MPa, 900 ◦C and a strain rate in the range of 
~10− 5 s− 1 to ~10− 6 s− 1, with a variable amount of finite strain up to 
~40%. One sample (OR56) was deformed at 2000 MPa at a faster strain 
rate of ~ 10− 5 s− 1 and shortened by 70%. Two additional hydrostatic 
experiments have been carried out at 1000 and 2000 MPa, 900 ◦C, only 

Fig. 1. Starting material of Tana quartzite. (a) Light microscope cross polarized image. (b) light microscopy plane polarized image. Fluid inclusion arrays are 
observable in some grains. (c) SEM-cathodoluminescence image, (d) sketch of segmented detrital sand grains (beige) with the surrounding cement (white). The 
quartzite crystals are composed of detrital sand grains and cement that grows with the same crystal orientation on the sand grains. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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temperature and the confining pressure were applied without defor-
mation. The duration of the hydrostatic experiments was chosen to be 
identical to the total time at which the samples of the deformation ex-
periments were exposed to pressure and temperature. The duration of 
the hydrostatic experiments was between 217 and 252 h, so that all 
samples were kept at pressure and temperature between approximately 
200 and 260 h. Mechanical results and microstructures of these exper-
iments are available in a previous publication (Négre et al., 2021). 

2.2.2. Samples and microstructures after deformation 
The local strain distribution in all samples is inhomogeneous. Typi-

cally, the centre and/or bottom parts of the samples are more strongly 
deformed, while the top part of the samples, especially near the alumina 
piston, is less deformed. 

As was demonstrated by CL-imaging of the original sand grains and 
their variations in shape with strain, crystal plastic deformation of the 
individual quartz grains is the dominant process accommodating the 
deformation (Négre et al., 2021). In addition, processes of recrystalli-
zation, highlighted by a bright blue luminescence, are present 

Table 1 
List of conditions for experiments at constant displacement rate. Strain rate stepping experiments are not listed here.  

Sample 
name 

Griggs 
apparatus 

Temperature 
(◦C) 

Water added (wt. 
%) 

Confining pressure 
(MPa) 

Strain rate 
(s− 1) 

Shortening calculated 
(%) 

Shortening measured 
(%) 

542LN Tromsø 900 0.1 600 1.29E-06 33.46 30.48 
544LN 1500 1.37E-06 33.48 30.71 
546LN 1000 1.28E-06 31.27 28.01 
OR32 Orléans 1000 9.32E-07 30.96 29.39 
OR33 800 9.20E-07 24.35 23.30 
OR42 800 8.12E-07 29.71 30.83 
OR48 1250 8.80E-07 28.42 27.71 
OR50 2000 ~9E-07 ~43 52.38 
OR52 700 8.26E-07 31.98 32.12 
OR54 2000 ~9E-07 ~29 39.75 
OR56 2000 ~9E-06 ~70 74.43 
OR57 2000 ~9E-07 ~23 27.76 
OR60 600 7.33E-07 30.92 30.57 
OR62 2000 9.29E-07 30.53 29.51 
OR63 1500 ~9E-07 ~25 25.31 
OR64 1500 9.40E-07 29.76 26.59 
OR59 1000 Hydrostatic (251.7 h) 0.53 
OR66 2000 Hydrostatic (216.8 h) – 
OR73 0 800 7.68E-07 31.66 29.02  

Fig. 2. (a & b) SEM-CL images from sample OR64 deformed at 1500 MPa confining pressure. Bright luminescence highlights cracking and recrystallized regions 
(medium grey level). Larger fragments show the original luminescence. (c & d) Light microscope crossed polarized images of (c) elongated grains from sample OR32 
(1000 MPa) with recrystallized regions along the grain boundaries and (d) elongated grains and deformation lamellae from high-strained sample OR56 (2000 MPa). 
The shortening direction is vertical for all images. 
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principally along the grain boundaries and in cracks. Recrystallization 
becomes more abundant with increasing confining pressure and is 
accommodated by two different mechanisms: (1) subgrain rotation in 
the plastically deformed original quartz grains, and (2) local grain 
boundary migration accommodated by dissolution-precipitation of 
quartz (Fig. 2 a and b). Nuclei for new grains modified by grain 
boundary migration often are small fragments originated by cracking 
concentrated near the grain boundaries (Négre et al., 2021; Pongrac 
et al., 2022). 

2.3. H2O measurements 

Double-polished thick sections with thicknesses between 80 and 230 
μm have been prepared from the starting material and deformed sam-
ples. Fourier transform infrared spectroscopy (FTIR) analysis has been 
performed at ISTO (Orléans) with a Nicolet 6700 (Continuμm, Thermo 
Scientific) spectrometer and OMNIC (version 8) acquisition software. 

The spectra were acquired with 64 or 128 scans and a resolution of 4 
cm− 1 for a range of wavenumbers from 5500 to 1500 cm− 1. The mea-
surements have been made on grain interiors (centre of grains) and on 
grain boundaries (at the junction between two grains). For some samples 
deformed at 2000 MPa, measurements were also made on regions 
showing small grains (recrystallized/cracked material). A window with 
40 × 40 μm for interior of grains and with 20 × 50 μm was used for grain 
boundary measurements (window shape and orientation were adapted 
to the boundaries). The background was recorded for the CaF2 window 
carrying the sample and subtracted from the measured spectra. 

Baseline correction (between 5500 and 1500 cm− 1) and correction 
for Araldite®: The spectra were corrected for a flat baseline and for 
eventual presence of water due to Araldite®. 

Following the procedure described in Sambridge et al. (2008) for 
unpolarized FTIR measurements, the total absorbance (Atotal), can be 
estimated from the average of absorbance measurements using unpo-
larized light over a large number of grains randomly orientated and 
contained within the thick section (Aavg

unp), as Atot = 3Aavg
unp. The conversion 

from total absorbance to concentration cH2O was carried out using the 
using the Beer-Lambert law as cH2O = Atot

ε . t, where t is the thickness and ε 
is the integrated molar absorption coefficient. For the latter, we used the 
values estimated by Thomas et al. (2009) as ε=
89,000 ± 15,000L.mol− 1cm− 2, also used in the review by Stalder 
(2021). Please note that several calibrations exist to convert absorbance 
into concentrations, which were reviewed in Fukuda and Shimizu 
(2019). Another point of caution, in the conversion, is the use of either 
absorbance measured in a single section of the mineral, or total absor-
bance, measured on three mutually orthogonal section planes (or 
equivalently from the average over many randomly orientated grains 
with the same water content, as detailed above). For example, from the 
widely used Paterson (1982) calibration Fukuda and Shimizu (2019) 
estimated an integrated molar absorption coefficient ε=
38,000L.mol− 1cm− 2, which applies to absorbance measured in a single 
section plane of the mineral. Considering total absorbance and assuming 
isotropic absorption, the corresponding integrated molar absorption 
coefficient is therefore 38,000× 3 = 114,000L.mol− 1cm− 2, hence 
relatively close to the value used in the present work. Given all these 
conditions and limitations of H-measurements, the quantification of 
H2O should be considered semi-quantitatively, i.e., absolute numbers 
are given for relative comparison. 

In the following, the water contents will be presented in molar pro-
portions of H atoms per 106 Si atoms (H/106 Si). A summary of FTIR 
measurements is given in Table 2, while all measurements are given in 
the Appendix. Error bars were calculated as the standard deviation over 
all FTIR measurements for a given sample and microstructure (the 
number of measurements is given in Table 2). Please note that in a few 
cases, due to a few grains very rich in water, the standard deviation is 
larger than the average value of the distribution. 

Transmission FTIR mapping was carried out at the Institute of 
Geological Sciences of the University of Bern using a Bruker Tensor II 
spectrometer with a globar infrared source and a KBr beam-splitter, 
coupled to a Bruker Hyperion 3000 microscope with a dry air-purged 
sample chamber. The instrument is equipped with a focal plane array 
(FPA) detector with 64 × 64 = 4096 liquid-nitrogen-cooled MCT ele-
ments on a square array with a pixel size of 2.7 μm × 2.7 μm. A 2 × 2 
binning was used resulting in a 5.4 × 5.4 μm pixel resolution, higher 
signal quality and an improved signal to noise ratio. Spectra were ac-
quired with 8 cm− 1 wavenumber resolution and 128 scans between 900 
and 3850 cm− 1. 

For the data processing of the FTIR-FPA maps the atmospheric 
correction and concave rubber band correction with 64 points and four 
iterations were performed in OPUS® version 8.5. The spectra were then 
exported and further processed with the in-house developed MATLAB 
software SpecXY (Gies et al., 2023). The spectra were normalized to 1 
cm thickness and integrated absorbance for different maps were 
generated by extracting the chosen part of the signal, performing a linear 
baseline correction between the integration endpoints, and integrating 
the corrected spectra. 

2.3.1. Epoxy correction 
Inadvertently, Araldite® epoxy (instead of H2O-free wax) was used 

for sample impregnation during the thick section preparation. As some 
H2O is contained in the epoxy, the FTIR spectra need to be corrected for 
this additional H2O content in the 3000–3800 cm− 1 absorption band 
range. The Araldite® epoxy shows CH absorption bands in the 
2600–3100 cm− 1 region (with two principal peaks at ~2931 and 2869 
cm− 1), which are unique to this epoxy and absent in quartz and H2O 
spectra. Pure Araldite® samples of different thickness have been pre-
pared and measured with FTIR using the same settings as during samples 
measurements. In order to obtain a correction routine, the H2O broad 
band of the Araldite® has been related to the two discrete bands unique 
to Araldite. The correction uses the epoxy CH-bands and their associated 
H2O concentration to subtract the additional H2O content arising from 
the Araldite®. The correction has been applied to all spectra that show 
detectable Araldite® discrete absorption bands but only to individual 
spectra and not to the maps shown in Figs. 5 and 6. 

3. Results of H2O measurements 

3.1. Starting material: variations in H2O content for grain interiors and 
grain boundary regions 

Grain interiors have systematically lower mean H2O contents than all 
other measurements including grain boundary regions: Grain boundary 
regions between two grains, triple junctions, and cement. Due to the 
small size of the domains of cement, it is very likely that those mea-
surements also integrate a contribution of H2O in the grain boundary 
region (Fig. 3a). 

3.2. Effect of P-T-strain application on H2O content 

All samples that have been deformed or treated hydrostatically at 
high pressure and temperature show H2O contents that are significantly 
lower than that of the starting material (Fig. 3b). The comparison be-
tween the hydrostatically treated sample (mean value for grain in-
teriors) and the deformed samples (including low strain and high strain 
areas) indicates that the hydrostatic application of pressure and tem-
perature produces an initial and major decrease in the H2O content, 
while deformation continues to decrease it further, but to a smaller 
extent (Fig. 3b). 

3.3. Effect of pressure on H2O content 

There appears to be no systematic effect of the confining pressure 
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Table 2 
Summary of FTIR measurements for all samples.  

Sample 
name 

Pressure in 
GPa (for 
deformation 
expts); 
experimental 
conditions or 
type of 
material 

Microstructure Epoxy 
organics, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

AlH total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

H2O broad 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3627 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Band at 
3585 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3700 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Number 
of 
measure 
ments 

Water 
concentration 
in quartz (H/ 
106 Si) 

Uncertainty 
(H/106 Si) 

542LN 0.6 Grain interior 
(low strain) 

174.23 124.92 171.32 105.81 3648.20 2728.97 134.38 109.35 4.35 3.67 6.08 7.83 87.00 1915.31 1432.71 

Grain 
boundary (low 
strain) 

259.34 170.03 278.47 187.07 4233.56 2873.92 152.27 136.78 5.05 4.04 3.47 3.66 61.00 2222.62 1508.81 

Grain interior 
(high strain) 

102.26 66.38 157.86 107.39 3022.77 2028.56 88.73 57.68 5.32 3.85 0.77 1.94 60.00 1586.96 1064.99 

544LN 1.5 Grain interior 
(low strain) 

126.21 111.29 176.90 93.49 5622.60 5229.51 263.24 250.42 22.14 7.41 3.49 4.51 135.00 2951.86 2745.49 

Grain 
boundary (low 
strain) 

333.00 270.94 299.57 142.47 6150.04 3366.62 779.61 878.33 17.58 9.65 2.98 4.79 64.00 3228.77 1767.47 

Grain interior 
(high strain) 

148.60 83.99 213.81 139.92 2833.42 2390.87 93.03 111.30 21.01 5.92 6.16 5.81 64.00 1487.55 1255.21 

Grain 
boundary 
(high strain) 

267.27 295.45 292.36 141.27 5303.58 3892.83 169.78 166.43 17.89 6.41 2.85 5.12 69.00 2784.38 2043.74 

546LN 1 Grain interior 
(low strain) 

106.34 112.39 193.06 94.77 6606.64 3828.19 166.32 113.46 12.29 5.60 3.54 6.82 94.00 3468.49 2009.80 

Grain 
boundary (low 
strain) 

173.17 118.65 283.30 125.15 6884.39 2730.74 204.73 122.11 13.04 5.32 7.36 8.26 70.00 3614.30 1433.64 

Grain interior 
(high strain) 

160.64 187.93 200.60 119.65 3459.54 2705.12 99.80 97.23 17.22 6.33 3.74 4.94 134.00 1816.26 1420.19 

Grain 
boundary 
(high strain) 

342.88 312.86 324.54 190.22 5151.65 3485.07 129.06 102.31 12.94 5.49 6.23 6.63 67.00 2704.62 1829.66 

OR32 1 Grain interior 
(low strain) 

984.93 1040.78 236.65 132.76 3029.17 2273.34 61.94 61.10 12.45 5.30 1.31 2.59 74.00 1590.31 1193.51 

Grain 
boundary (low 
strain) 

2126.55 1589.71 327.13 148.68 4054.62 2894.27 79.94 96.47 12.34 5.40 3.34 4.27 63.00 2128.68 1519.49 

Grain interior 
(high strain) 

1089.66 1300.14 197.46 138.08 2963.88 2166.37 103.89 91.25 15.27 4.50 4.48 9.46 32.00 1556.04 1137.34 

Grain 
boundary 
(high strain) 

1719.82 1557.35 342.38 191.87 3043.22 2492.98 41.57 69.55 13.34 5.10 2.85 3.53 34.00 1597.69 1308.81 

OR33 0.8 Grain interior 
(low strain) 

1623.27 1617.00 231.02 159.95 4077.97 2501.38 73.57 75.86 9.37 3.59 2.16 4.02 50.00 2140.94 1313.23 

Grain 
boundary (low 
strain) 

2902.95 1902.33 325.36 132.09 5917.62 3338.49 137.31 163.60 10.41 3.84 2.94 8.64 50.00 3106.75 1752.71 

Grain interior 
(high strain) 

1275.79 1057.02 208.98 116.31 3366.31 1481.65 92.87 92.96 10.50 3.57 2.66 6.70 34.00 1767.31 777.86 

Grain 
boundary 
(high strain) 

2274.55 1670.99 320.70 161.90 4489.18 2041.43 68.17 63.51 9.81 3.64 1.28 2.00 49.00 2356.82 1071.75 

(continued on next page) 
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Table 2 (continued ) 

Sample 
name 

Pressure in 
GPa (for 
deformation 
expts); 
experimental 
conditions or 
type of 
material 

Microstructure Epoxy 
organics, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

AlH total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

H2O broad 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3627 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Band at 
3585 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3700 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Number 
of 
measure 
ments 

Water 
concentration 
in quartz (H/ 
106 Si) 

Uncertainty 
(H/106 Si) 

OR42 0.8 Grain interior 
(low strain) 

799.59 1489.56 186.40 102.50 4903.01 3361.52 63.77 63.80 8.57 4.69 2.23 3.02 44.00 2574.08 1764.80 

Grain 
boundary (low 
strain) 

1910.62 1847.08 261.93 111.90 5131.90 2919.14 66.87 68.76 5.76 3.80 1.69 2.92 47.00 2694.25 1532.55 

Grain interior 
(high strain) 

768.66 851.95 168.51 79.71 1843.13 974.06 28.71 25.76 6.41 3.54 0.66 1.28 36.00 967.65 511.38 

Grain 
boundary 
(high strain) 

1925.13 1350.66 258.39 134.38 4485.86 3826.82 156.94 192.30 8.46 5.94 1.06 3.68 31.00 2355.08 2009.08 

OR48 1.25 Grain interior 
(low strain) 

525.48 711.04 233.59 136.79 2346.62 1460.47 51.12 54.48 13.80 4.95 5.95 6.04 48.00 1231.98 766.75 

Grain 
boundary (low 
strain) 

1500.66 1077.88 346.04 156.97 4699.58 5059.77 119.55 228.14 13.36 4.77 4.93 10.27 52.00 2467.28 2656.38 

Grain interior 
(high strain) 

420.26 449.96 168.68 86.81 2295.97 1620.96 100.72 112.10 14.83 4.52 3.73 5.30 33.00 1205.38 851.00 

Grain 
boundary 
(high strain) 

1042.66 804.53 299.83 86.84 2870.38 1571.54 60.79 77.45 14.17 4.13 2.17 3.02 49.00 1506.95 825.06 

OR50 2 Grain interior 
(low strain) 

208.04 126.14 172.33 83.33 2600.19 2067.13 98.37 148.86 22.69 7.04 5.65 16.46 51.00 1365.10 1085.24 

Grain 
boundary (low 
strain) 

377.51 516.95 288.61 116.71 2257.32 2150.94 79.36 114.71 16.21 6.21 2.89 3.74 53.00 1185.09 1129.24 

Grain interior 
(high strain) 

148.13 74.76 176.15 77.31 1315.81 1036.35 43.83 62.13 26.81 6.41 3.16 3.61 46.00 690.80 544.08 

Grains 
recrystallized 

333.40 380.77 246.65 93.50 4484.55 3659.79 175.95 187.56 19.24 4.45 5.82 8.99 70.00 2354.39 1921.39 

OR52 0.7 Grain interior 
(low strain) 

980.17 1216.90 234.14 146.24 4707.61 3059.74 82.71 97.06 7.37 4.02 2.29 3.23 60.00 2471.49 1606.36 

Grain 
boundary (low 
strain) 

1899.63 1639.92 313.43 171.45 5318.98 3472.37 124.48 134.43 6.35 4.12 0.78 1.26 55.00 2792.47 1822.99 

Grain interior 
(high strain) 

929.61 880.23 170.97 111.68 2888.61 1512.47 76.71 72.89 5.54 3.80 1.49 2.31 40.00 1516.52 794.04 

Grain 
boundary 
(high strain) 

2456.72 2096.97 314.54 137.20 4769.92 3378.02 151.37 136.95 5.08 4.68 2.25 3.16 36.00 2504.21 1773.46 

OR54 2 Grain interior 
(low strain) 

208.74 99.65 228.41 167.80 3184.52 2545.77 124.43 128.63 29.95 10.48 8.33 8.14 36.00 1671.87 1336.53 

Grain 
boundary (low 
strain) 

589.59 630.20 285.15 111.88 3530.51 1761.27 92.69 89.67 20.64 6.57 2.82 4.11 60.00 1853.52 924.67 

Grain interior 
(high strain) 

89.49 134.23 218.12 94.03 2599.53 1643.07 113.76 93.32 36.04 6.66 17.54 22.53 49.00 1364.75 862.61 

Recrystallized 
grains 

293.03 254.61 306.99 129.42 2949.86 2734.35 168.10 174.37 23.79 6.92 3.52 4.58 67.00 1548.67 1435.54 

(continued on next page) 
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Table 2 (continued ) 

Sample 
name 

Pressure in 
GPa (for 
deformation 
expts); 
experimental 
conditions or 
type of 
material 

Microstructure Epoxy 
organics, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

AlH total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

H2O broad 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3627 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Band at 
3585 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3700 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Number 
of 
measure 
ments 

Water 
concentration 
in quartz (H/ 
106 Si) 

Uncertainty 
(H/106 Si) 

OR56 2 Grain interior 
(low strain) 

436.21 541.20 226.44 82.42 4348.66 2041.18 120.89 107.78 36.27 10.85 7.39 9.90 23.00 2283.05 1071.62 

Grain 
boundary (low 
strain) 

877.19 973.84 290.82 102.54 5406.59 2371.91 107.00 115.03 30.76 11.01 4.75 6.06 30.00 2838.46 1245.25 

Grain interior 
(high strain) 

136.15 129.04 293.29 107.90 4568.21 2182.30 183.92 190.57 34.59 10.02 22.40 24.88 20.00 2398.31 1145.71 

Very deformed 
cement 

158.39 203.99 356.44 118.33 4175.25 1833.62 83.15 102.00 25.50 8.61 3.32 7.24 37.00 2192.01 962.65 

OR57 2 Grain interior 
(low strain) 

133.97 117.10 159.09 79.71 4338.68 3120.11 150.89 126.45 21.77 7.27 3.07 6.05 49.00 2277.81 1638.06 

Grain 
boundary (low 
strain) 

264.10 358.22 221.93 90.22 5867.64 4643.60 245.37 177.55 21.00 6.05 5.28 6.27 68.00 3080.51 2437.89 

Grain interior 
(high strain) 

81.06 92.15 159.90 72.00 3144.10 2219.16 189.34 136.19 34.96 9.49 37.95 34.40 32.00 1650.65 1165.06 

Grain 
boundary 
(high strain) 

147.12 143.93 253.71 91.60 3029.01 1465.87 99.68 76.05 24.32 5.79 4.68 4.32 40.00 1590.23 769.58 

Recrystallized 
grains 

276.70 276.65 198.13 84.40 5727.70 2908.35 332.39 184.77 27.99 6.84 4.19 4.68 29.00 3007.04 1526.89 

OR59 1; hydrostatic 
expt 

Grain interior 1234.83 1326.09 261.81 139.20 5478.81 3075.98 145.56 113.88 21.97 5.27 6.89 6.09 58.00 2876.38 1614.89 
Grain 
boundary 

3336.33 1845.00 397.17 187.68 10448.85 5141.83 357.31 244.12 19.31 5.70 2.53 4.19 68.00 5485.64 2699.46 

OR60 0.6 Grain interior 
(low strain) 

2930.36 2082.23 221.16 128.76 6112.53 5843.71 191.88 299.57 5.92 5.73 1.52 3.47 29.00 3209.08 3067.95 

Grain 
boundary (low 
strain) 

5899.04 2413.63 357.87 207.37 12474.96 9768.41 545.41 732.29 11.07 7.81 6.71 22.01 19.00 6549.36 5128.41 

Grain interior 
(high strain) 

2095.42 1780.76 217.51 133.82 5360.73 5608.30 219.35 396.62 4.90 5.00 1.60 4.21 33.00 2814.38 2944.36 

Grain 
boundary 
(high strain) 

6086.25 2946.90 401.22 270.81 13460.68 11765.41 709.62 931.64 6.54 6.54 9.15 24.69 26.00 7066.86 6176.84 

OR62 2 Grain interior 
(low strain) 

203.77 231.41 204.01 76.16 3995.72 2456.75 203.42 201.00 21.21 8.39 1.72 3.73 35.00 2097.75 1289.79 

Grain 
boundary (low 
strain) 

312.73 449.32 218.24 81.63 4206.29 1861.41 274.59 243.03 19.42 6.69 3.43 5.26 65.00 2208.30 977.24 

Grain interior 
(high strain) 

148.56 132.46 197.75 87.22 3313.62 2105.63 122.61 136.92 29.07 7.60 4.45 6.01 29.00 1739.65 1105.46 

Grain 
boundary 
(high strain) 

246.68 197.00 255.60 66.62 3902.21 2621.51 227.64 269.41 26.49 10.57 5.01 10.46 47.00 2048.66 1376.29 

OR63 1.5 Grain interior 
(low strain) 

138.73 59.18 194.08 82.07 2472.39 1625.07 226.15 340.43 12.72 4.55 16.31 20.66 31.00 1298.00 853.16 

Grain 
boundary (low 
strain) 

526.56 582.11 244.80 90.24 4795.60 4292.29 481.35 457.95 9.23 5.83 3.66 4.93 36.00 2517.69 2253.45 

(continued on next page) 
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Table 2 (continued ) 

Sample 
name 

Pressure in 
GPa (for 
deformation 
expts); 
experimental 
conditions or 
type of 
material 

Microstructure Epoxy 
organics, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

AlH total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

H2O broad 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3627 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Band at 
3585 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 

Standard 
deviation 

Band at 
3700 cm− 1, 
total 
integrated 
absorbance 
(cm− 2) 
(assume 
isotropic) 

Standard 
deviation 

Number 
of 
measure 
ments 

Water 
concentration 
in quartz (H/ 
106 Si) 

Uncertainty 
(H/106 Si) 

Grain interior 
(high strain) 

206.95 308.18 143.31 89.15 2917.04 2425.44 107.71 141.42 17.94 6.21 5.18 6.58 34.00 1531.44 1273.35 

Grain 
boundary 
(high strain) 

843.89 864.61 303.66 181.66 5457.45 3754.95 215.25 173.78 10.81 4.20 4.22 6.44 45.00 2865.16 1971.35 

OR64 1.5 Grain interior 
(low strain) 

297.39 333.72 138.33 95.28 5017.41 3882.62 1199.35 841.40 10.78 5.43 19.09 25.47 30.00 2634.14 2038.38 

Grain 
boundary (low 
strain) 

477.56 613.61 180.97 104.12 4948.24 3642.34 1976.25 1002.96 5.78 4.05 24.77 34.67 42.00 2597.82 1912.23 

Grain interior 
(high strain) 

470.69 505.03 156.43 91.72 3013.69 2649.25 119.59 104.43 13.86 5.51 5.25 5.39 46.00 1582.19 1390.86 

Grain 
boundary 
(high strain) 

1576.64 1993.62 252.14 112.26 6098.75 6211.38 266.97 338.87 13.58 5.78 5.04 13.75 48.00 3201.84 3260.98 

OR65 2; strain-rate 
stepping 

Grain interior 
(top) 

113.13 105.64 212.59 88.37 3391.98 2310.11 174.35 98.85 17.69 7.64 26.91 19.32 12.00 1780.79 1212.81 

Grain interior 
(bottom) 

315.09 759.13 164.52 52.98 1881.80 1568.64 455.45 474.69 11.76 8.58 0.87 1.54 30.00 987.94 823.54 

Grain interior 
(middle) 

84.19 70.83 191.39 103.63 2886.49 2284.62 129.37 140.68 16.71 5.21 16.99 20.65 16.00 1515.41 1199.42 

Recrystallized 
grains 

315.03 328.64 207.44 89.18 14333.04 6691.62 560.96 296.68 19.92 8.94 17.32 18.78 12.00 7524.85 3513.10 

OR66 2; hydrostatic 
expt 

Grain interior 
(no strain) 

112.04 116.43 152.70 88.40 3327.57 3131.96 133.73 153.54 12.06 4.28 2.78 3.45 42.00 1746.97 1644.28 

Grain 
boundary (no 
strain) 

613.99 688.77 167.38 119.36 5813.92 4376.24 308.27 261.32 14.42 5.23 2.48 5.12 64.00 3052.31 2297.53 

OR68 0.8; strain- 
rate stepping 

Grain interior 
(low strain) 

268.74 163.83 204.74 102.19 3312.91 2177.72 394.23 440.97 28.37 12.02 4.42 5.50 51.00 1739.28 1143.30 

Grain 
boundary (low 
strain) 

1092.45 973.06 254.71 87.86 3737.34 2550.55 1148.08 997.91 12.53 9.28 2.31 4.28 56.00 1962.10 1339.04 

Grain interior 
(high strain) 

190.20 287.69 193.30 86.17 3205.50 2594.50 145.18 212.48 26.78 10.05 2.05 3.15 47.00 1682.89 1362.11 

Grain 
boundary 
(high strain) 

450.91 636.45 254.26 95.19 4191.94 3136.56 265.99 194.07 19.62 8.82 3.36 5.36 62.00 2200.77 1646.70 

OR73 0.8; no water 
added 

Grain interior 
(low strain) 

1321.78 1173.44 243.62 191.76 5021.23 3966.72 166.47 183.30 5.90 4.04 5.89 9.59 54.00 2636.15 2082.53 

Grain 
boundary (low 
strain) 

2873.25 2110.45 306.97 152.79 6744.11 4682.85 389.65 399.62 7.35 6.19 2.88 4.42 57.00 3540.66 2458.49 

Grain interior 
(high strain) 

2628.40 1911.23 359.47 235.95 6927.94 6650.42 320.67 375.51 6.00 4.67 3.63 5.41 24.00 3637.17 3491.47 

Grain 
boundary 
(high strain) 

5079.53 2803.75 392.11 286.19 12351.44 11365.19 622.78 760.59 14.21 11.23 7.96 18.43 22.00 6484.51 5966.72 

(continued on next page) 
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conditions on the mean H2O content of interiors and boundaries of 
grains (Fig. 3c). The variations in the H2O content of the starting ma-
terial, as well as the large uncertainties, make it difficult to interpret 
subtle inter-sample variations in H2O content. However, there are 
significantly higher H2O contents in grain boundary regions than in 
grain interiors in all samples, irrespective of applied pressure. 

3.4. Effect of strain on H2O content 

The effect of deformation on H2O content was studied in cases where 
the origin of the starting material samples was known (Fig. 3d). The 
lower and higher stain regions of an individual sample have been 
measured, so that the H2O content is only a function of deformation, not 
a different H2O content of the starting material, etc. 

The less deformed regions of samples tend to show a higher H2O 
content than the more deformed regions (Fig. 3d). The difference be-
tween more and less deformed and for grain boundary regions and grain 
interiors appears to diminish with high confining pressure (2 GPa). 

In a series of experiments at 2 GPa different amounts of finite strain Ta
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Fig. 3a. Plot of the mean H2O contents (H/106 Si) for the starting material 
studied (TQ2). 

Fig. 3b. Mean H2O contents (H/106 Si) for grain interiors as a function of the 
confining pressure. H2O contents of deformed samples are plotted as a range of 
pressures near the actual pressure of the experiment for the sake of dis-
tinguishing them in the representation. In deformed samples low strain and 
high strain regions are distinguished. The mean H2O content of deformed and 
hydrostatically treated samples is substantially reduced compared to the 
starting material. 
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were achieved. The H2O content tends to generally decrease with 
increasing strain, both in the grain interiors and in the grain boundary 
regions. However, at a higher strain rate, the trend is not obvious 
(Fig. 3e): the higher strain rate sample shows higher H2O contents for 
both, grain interiors and boundary regions. 

3.5. Evolution in H2O content with deformation: a narrowing in the 
frequency distribution 

In the deformed samples, grain interiors and grain boundary regions 
show a pronounced decrease in values of higher H2O content and a 
frequency increase in values of lower H2O content with respect to the 
starting material (Fig. 3f) for all measurements. The mode in grain in-
teriors is around 1000–1500 and for grain boundary regions 
~1250–1500 H/106 Si, and the grain boundary region values tend to be 
more frequent at slightly higher H2O contents than the grain interiors. 
There is a clear trend of a pronounced loss of H2O during deformation 
compared to the starting material. 

3.6. Summary of the distribution of H2O in the deformed aggregates 

Summarizing, the H2O content in hydrostatically treated and 
deformed samples is generally higher in the grain boundary region than 
in grain interiors (Fig. 3). Samples of the starting material already show 
a trend of this distribution, and the deformed samples show a further 
decrease in the H2O content. Generally, the H2O content evolves 

towards lower values with increasing deformation (i.e., in Fig. 3f data 
points tend to shift towards low H2O contents), but there is no systematic 
trend for any dependence on confining pressure (Figs. 3c and 4), except 
that for the highest pressure 2 GPa samples; grain boundary region and 
grain interior values become indistinguishable (Fig. 4). This situation of 
H2O collecting in grain boundary regions is well documented by map-
ping of the H2O content (Figs. 5 and 6): After hydrostatic treatment, the 
H2O is concentrated in the grain boundary regions (Fig. 5). This devel-
opment continues after deformation: in the high strain sample OR 56, at 
high confining pressure, most of the H2O is located in the larger grain 
boundary regions of recrystallized grains, i.e., in the domains of 
recrystallized grains (Fig. 6). 

3.7. OH - speciation 

The presence of sheet silicates is indicated by the absorption bands in 
the range of 3625–3700 cm− 1 in grain boundary regions (Fig. 7) and – to 
a lesser extent – in grain interiors, too (Fig. 8). Sheet silicates typically 
occur attached to the surface of the original sand grains, but they do not 
form a continuous film. During diagenesis, the sheet silicates are over-
grown by SiO2. The sheet silicate content decreases in deformed and 
hydrostatically treated samples with respect to the starting material or 
even disappears (due to breakdown of sheet silicates at the high tem-
perature of the experiments; Pongrac et al., 2022). Only some of these 
absorption bands may persist in a reduced form at high confining 
pressure conditions. 

Fig. 3c. Mean H2O contents (H/106 Si) for grain interiors and grain boundary regions as a function of the confining pressure for hydrostatic and deformation 
experiments where bulk strain reached ~30%. In the latter, high strain and low strain regions are distinguished. For the sake of clarity of representation, error bars 
are not shown. 
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In grain interiors, the 3585 cm− 1 band starts to appear as a discrete 
band more frequently than in the starting material above confining 
pressures of ~700 MPa (Fig. 8) and its absorbance shows a systematic 
increase with increasing confining pressure (Fig. 9). This trend is also 

visible in grain boundary regions (Fig. 7). 
The Al–H triplet, with peaks at 3317, 3375 and 3438 cm− 1 discrete 

absorption bands, tends to become more prominent with deformation 
and with increasing confining pressure (Fig. 8). It is interesting to note 

Fig. 3d. Mean H2O contents (H/106 Si) as a function of confining pressure, for high and low strain regions of samples experimentally deformed to bulk strain of 
~30%. No connection between mean H2O contents and confining pressure is observed. Mean H2O contents tend to decrease with increasing strain. For the sake of 
clarity of representation, error bars are not shown. 

Fig. 3e. Mean H2O contents (H/106 Si) for samples deformed at 2000 MPa (and starting material for comparison) as a function of the global strain achieved. Samples 
with 27.76–52.38% strain were deformed at 10− 6 s− 1 strain rate, whereas the sample with 74.43% strain was deformed at 10− 5 s− 1. 
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that the absorbance of the triplet tends to be higher in the grain 
boundary regions than in grain interiors (Fig. 10). This observation 
becomes obvious in the FTIR maps (Figs. 5 and 6). The centre absorption 
band (3375 cm− 1) of the three is the most prominent one, being 
responsible for the pointed nature of the broad H2O absorption band in 
deformed samples. 

4. Discussion 

4.1. H2O transfer 

The H2O content decreases in deformed and hydrostatically (P, T)- 
treated samples with respect to the starting material (Fig. 3), and 
there is more H2O stored in the grain boundary regions than in grain 
interiors (Figs. 3 and 4). A reduction in H2O content in experimental 
samples after deformation has already been observed by Stipp et al. 
(2006). The net loss of H2O from samples may have occurred by 
H-diffusion through the Pt-jacket into the salt confining medium. Hy-
drostatic experiments have been carried out for approximately the same 
duration as the deformation experiments, 252 h at 1 GPa and 217 h at 2 
GPa (Table 1). At 2 GPa the H2O content of the hydrostatic sample is 
lower after shorter duration than at 1 GPa (Fig. 3b) and longer duration, 
so that the net loss is not simply time (or diffusion) dependent. Some of 
the H2O will fractionate into small amounts of melt (<1 vol %) that 
collect in small pockets (Négre et al., 2021; Pongrac et al., 2022). Such 
pockets have been avoided in the FTIR measurements as they do not 
contain quartz as the main constituent. These melt pockets probably 
account for substantial amounts of the net H2O loss measured by FTIR, 
but loss by diffusion through the jacket cannot be excluded. 

The re-distribution of H2O within the samples is of major interest in 
this study. Post and Tullis (1998) have demonstrated that H2O uptake of 

vacuum-dried quartz grains is very rapid in deformation experiments. A 
hydration of dry grains to become “wet” and H2O loss from grains with 
high H2O contents to the matrix during experimental deformation has 
been observed by Palazzin et al. (2018). Thus, transfer of H2O between 
quartz grains and a H2O reservoir is known to occur on the laboratory 
time scale of deformation experiments. Here, it is observed that differ-
ences or transfer of H2O between grain interiors and the grain boundary 
regions can take place or is enhanced during deformation and hydro-
static treatment. 

The measured OH of the broad absorption band of this study is 
mainly present as molecular H2O. Only small quantities (a few ppm H/ 
106Si) may be present in the form of structurally bound or point defect 
OH-contents (Paterson, 1989), e.g., forming the discrete 3585 cm− 1 

absorption band (Jollands et al., 2020, Stünitz et al., 2017). Molecular 
H2O is a disequilibrium feature in quartz and the storage of H2O in 
quartz is only possible in the form of fluid inclusions (down to nano-
metric size). 

Diffusion of H2O into quartz is not feasible or too slow on a labora-
tory time scale (Kronenberg et al., 1986; Gerretsen et al., 1989), so that 
other processes than diffusion have to account for the transfer of H2O 
between the grain interiors and the grain boundary region. The transfer 
processes typically involve (micro)-cracking (including decrepitation of 
fluid inclusions) and advective H2O transport (Kronenberg et al., 1986; 
Gerretsen et al., 1989; Hall and Sterner, 1993; Vityk and Bodnar, 1995; 
Schmocker et al., 2003; Tarantola et al., 2012). Traces of the (micro)--
fractures may be difficult to detect because of rapid and efficient crack 
healing in quartz (Hall and Sterner, 1993; Vityk and Bodnar, 1995; 
Tarantola et al., 2010, 2012). As most of the H2O is contained in fluid 
inclusions, the shift towards lower H2O values in individual measure-
ments indicates a decrepitation of larger fluid inclusions and formation 
of smaller ones during deformation (e.g., Stünitz et al., 2017). In our 
samples, it is inferred that decrepitation of fluid inclusions commences 
during the hydrostatic stage of temperature and pressure treatment 
before deformation, because hydrostatically treated samples tend to 
show the strongest decrease in H2O content in grain interiors with 
respect to the starting material (Fig. 3). A further H2O decrease con-
tinues to take place in deformed samples (Fig. 3b and c), and individual 
OH measurements yield lower H2O contents in deformed samples 
(Fig. 3f). Increasing strain promotes H2O loss from grain interiors 
(Fig. 3d and e), consistent with the observation that (micro)-cracking 
and crack healing occur during all deformation stages (Tarantola et al., 
2010, 2012; Stünitz et al., 2017; Négre et al., 2021; Pongrac et al., 
2022), together with plastic deformation of grains. This observation may 
suggest that pipe diffusion in moving dislocations (Yund et al., 1981) 
can contribute to H2O loss in deforming grains as already suspected by 
Kronenberg et al. (2017, 2020) and Bakker and Jansen (1994). 

It should be noted that the grain boundary as a surface between two 
grains cannot store a sufficient amount of H2O to account for the total 
H2O measured in the grain boundary regions. For a 20 by 50 μm mea-
surement area and a thickness of ~100 μm of the FTIR sections, a grain 
boundary layer of 2 nm H2O would correspond to ~250 H/106 Si, 

Fig. 3f. Distribution of H2O contents of individual measurements for grain interiors and grain boundaries (H/106 Si) in deformed sample OR48 (1.25 GPa) compared 
to the starting material TQ2. The H2O contents of individual measurements in the deformed sample are concentrated at lower values and show less dispersion in H2O 
content than the starting material. 

Fig. 4. Relationship between mean grain interior and grain boundary region 
H2O contents (H/106 Si). The mean H2O content of grain boundaries is 
generally higher than the grain interior one, but there is no systematic change 
with confining pressure, except that the highest pressure (2 GPa) samples plot 
very near the 1:1 slope. 
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whereas much higher contents (~1500 to ~3500 H/106 Si) are 
measured (Figs. 3 and 4). Thus, defects (microcracks, dislocations, fluid 
inclusions, etc.) near the grain boundary are inferred to be the main 
storage sites for the measured H2O near the boundaries. We therefore 
refer to “grain boundary regions” in this study, not only the boundary 
surface layer itself to include a volume of quartz material immediately 
adjacent to the boundary. 

4.2. Relationship between water content, deformation, and mechanical 
strength 

H2O weakening in quartz depends on the presence of molecular H2O 
(e.g., Kekulawala et al., 1981), which is a disequilibrium effect, because 
the solubility of H2O in quartz is extremely small (e.g., Paterson 1986, 
1989; Cordier and Doukhan 1989). The disequilibrium nature of the 
H2O content in quartz crystals implies that it is not directly dependent 
on pressure or temperature. Although the mechanical strength of quartz 
is dependent on the H2O-content (Griggs and Blacic 1965; Griggs 1967; 
Jaoul et al., 1984; Doukhan and Trépied 1985; Cordier and Doukhan 
1989; Paterson 1989; Tullis and Yund 1989; Hirth and Tullis 1992; Post 
et al., 1996; Holyoke and Kronenberg 2013), it is difficult to predict or 
quantify the H2O weakening effect for a given H2O content. Given the 
strength dependence on H2O content, it might be expected that 
decreasing H2O contents in quartz crystals could lead to relative me-
chanical hardening. However, such an effect is not observed in this 
study. Post and Tullis (1998) have observed very strong behavior of 
quartz in dried samples, but these were effectively dry crystals of less 
than 300 ppm H. In previous studies (Palazzin et al., 2018; Négre et al., 
2021; Pongrac et al., 2022), reduced H2O contents of several hundred 
ppm H compared to starting contents of more than 1000 ppm H did not 
produce mechanical hardening. From this study it appears that contents 

of 1000–3500 ppm H are typical for lower strains in grain interiors at 
moderate to high pressures, whereas grain boundary regions tend to 
contain 1500–4000 ppm H (Fig. 3). At higher strain the H2O contents 
can decrease to ~700 ppm H without hardening of the samples. 

In nature, higher H2O contents in shear zones than in undeformed 
host rock have been measured (Kronenberg and Wolf 1990; Kronenberg 
et al., 1990; Nakashima et al., 1995), but recent studies have shown 
decreasing H2O contents during deformation processes in natural shear 
zones (e.g., Kilian et al., 2016; Kronenberg et al., 2017, 2020; Fukuda 
et al., 2023) without an indication for hardening of the zones. These 
results indicate that H2O contents of natural shear zones can be very 
variable without a direct indication for the relative mechanical strength 
of such zones, so that it appears impossible to infer mechanical strength 
from H2O contents alone. Comparatively small H2O contents of several 
hundred ppm H appear to be sufficient to ensure crystal plastic defor-
mation of quartz in experiments and in nature. 

As H2O contents of the grain boundary regions tend to be higher than 
in grain interiors. The larger part of H2O appears to be retained in the 
samples and is only transferred from interiors to grain boundary regions. 
The same situation was observed by Kilian et al. (2016) in deformed 
natural quartz samples: Grain boundary migration had removed 
aqueous fluid from fluid inclusions in grain interiors to produce very dry 
grains (<100 ppm H), while hydrous phases have formed in the rock 
during deformation, indicating that H2O remained available in the grain 
boundary regions of the shear zone. The dry quartz grains continue to 
deform in the natural case, and either such low H2O contents of <100 
ppm H are sufficient to deform quartz plastically or the “dry” state or 
these low H2O contents represent a transient state and H2O is 
re-introduced into the grains by, e.g., microcracks (Kilian et al., 2016). 
In the experimentally deformed grains here there is evidence for abun-
dant micro-cracking producing recrystallized grains (Négre et al., 2021; 

Fig. 5. High resolution transmission FTIR-FPA mapping showing the variation of absorbance and hence the distribution of H2O content, epoxy C–H bonds and Al- 
related OH in sample OR59 (1 GPa pressure) within the wavenumber regions of 3050–3600 cm− 1 (H2O), 2700-3000 cm− 1 (epoxy C–H) and 3313-3400 cm− 1 (Al- 
related OH). Upper left hand image is a plane polarized light microscope image with the red frame showing the mapped region. After hydrostatic pressure and 
temperature treatment only (no deformation), most of the H2O is contained in the grain boundary regions. Note that the absorption of Al-related OH depends on the 
orientation of the grain. Therefore, absolute values can only be compared directly among grains with the same orientation. However, individual grains consistently 
show enrichment of Al-related OH in the grain boundary region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Pongrac et al., 2022). Microcracking and crack healing (Tarantola et al., 
2010, 2012; Stünitz et al., 2017; Palazzin et al., 2018) are known to 
facilitate re-introduction of H2O into the deforming grains. Thus, it is 
inferred from this study that the option of re-introducing H2O back into 
grains appears a viable and likely process for continued deformation of 
quartz (even if transiently lower H2O contents could form), as long as 
the H2O remains in the grain boundary regions of the deforming mate-
rial. If the H2O content of old grains is only lowered by plastic defor-
mation or microcracking to some degree and not as dramatically as 
described by Kilian et al. (2016), because no grain boundaries have 
swept the whole grains, the remaining H2O is sufficient to facilitate 
plastic deformation without hardening (as it is the case here). 

The absorbance of the 3585 cm− 1 absorption band increases with 
increasing confining pressure (Figs. 7–9). This discrete absorption band 
has been associated with OH stored in dislocations, consistent with 
observations in natural and synthetic quartz (Stünitz et al., 2017) and 
molecular simulations indicating an OH- group bridging 2 Si atoms 
linked by an O-atom (Jollands et al., 2020). A hydrogrossular defect 
4H–Si postulated by Stalder and Konzett (2012) for this discrete band 
might be another possibility for this defect and could still be connected 
to dislocations. The increased absorbance of the 3585 cm− 1 band with 
increasing pressure would either imply an increased OH-content in the 
dislocations with increased H2O-fugacity (Henry’s law) or an increased 
dislocation density at higher confining pressure. An increased absor-
bance of the 3585 cm− 1 band with increased H2O fugacity had been 
predicted by Jollands et al. (2020). 

At higher confining pressures the investigated samples deform at 
lower stresses (Négre et al., 2021), consistent with previous observations 
(e.g., Kronenberg and Tullis, 1984; Holyoke and Kronenberg 2013). An 
empirical relationship predicts a higher dislocation density for higher 

differential stress during dislocation creep (e.g., Karato 2008; Paterson 
2013). Thus, one would expect a lower dislocation density at higher 
confining pressures (because of lower differential stresses) instead of 
higher dislocation densities. The more prominent absorption by the 
3585 cm− 1 band at higher confining pressure probably is best explained 
by a larger uptake of OH at the increased H2O-fugacity at higher pres-
sure (Henry’s law). Summarizing the effects of H2O transfer during 
deformation it can be inferred that the transfer of H2O from grain in-
teriors to the grain boundaries does not have a strengthening effect on 
the deforming material and that H2O contents of ~700 ppm H are suf-
ficient to ensure a weak rheology of quartz. The transfer or exchange of 
H2O will most likely take place by microcracking, even at high P and T, 
possibly together with transport via dislocations. 

4.3. Other chemical exchanges 

The absorbance of the triplet at 3317, 3375 and 3438 cm− 1 (Al–H 
band): This triplet of absorption bands increases for grain boundaries 
compared to grain interiors (Figs. 7, 8 and 10). The triplet is assigned to 
H-content as a charge balance for Al substitution (Kronenberg 1994 (and 
references therein); Stalder and Konzett, 2012; Jollands et al., 2020). 
Some of the cathodoluminescence (CL) signals in recrystallized quartz, 
especially in grain boundary regions of cracked and recrystallized 
grains, tends to show some spatial relationship with high Al-values 
(Pongrac et al., 2022). There is a very small amount of melt forming 
from sheet silicate breakdown at the high temperatures of the experi-
ments (900 ◦C). Often the high Al-contents are located near small melt 
pockets. The spatial coincidence may indicate that some Al-exchange 
took place between melt and quartz grains in the grain boundary re-
gions. More importantly, some grain boundary migration occurs during 

Fig. 6. Mapping of H2O content, epoxy, and Al in sample OR56 (2 GPa pressure, higher strain rate and high strain) for wave number regions 3050-3600 cm− 1 (H2O), 
2700-3000 cm− 1 (epoxy C–H) and 3313-3400 cm− 1 (Al-related OH). Upper left hand image is a plane polarized light image with the red frame showing the mapped 
region. Most of the epoxy is contained in cracks (lower right). The grain boundary regions contain most of the H2O, especially in the domains of recrystallized fine 
grained quartz regions (upper left region of the image). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 7. Average spectra for grain boundaries of starting material, hydrostatic samples, and samples deformed at 10− 6 s− 1 at pressures from 600 to 2000 MPa. Spectra 
are normalized to 1 mm thickness and shifted. 
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Fig. 8. Average spectra for grain interiors of starting material, hydrostatic samples, and samples deformed at 10− 6 s− 1 at pressure from 600 to 2000 MPa. Spectra are 
normalized to 1 mm thickness and shifted. 
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deformation in our samples. Elevated Al-contents produce a different 
CL-signal that is observed in the grain boundary regions (Pongrac et al., 
2022), so that element exchange may be facilitated during grain 
boundary migration. Enhanced grain boundary migration may be a 
consequence of enhanced solubility of SiO2 at higher pressure (e.g., 
Manning, 1994, 2018), explaining a more pronounced triplet of ab-
sorption bands at higher pressures (Figs. 7 and 10). 

4.4. Deformation mechanisms 

Several recent studies have determined a stress exponent of n ≈ 2 in 
quartz deformation experiments (Fukuda et al., 2018; Richter et al., 
2018; Négre et al., 2021; Pongrac et al., 2022; Ghosh et al., 2022), 
concurrent with some earlier observations of similar low n-values (Jaoul 
et al., 1984; Luan and Paterson, 1992). For climb-controlled dislocation 
creep the n-value should be approximately between 3 and 5 (Karato 
2008; Paterson 2013). The interpretation of the low n-value is given as a 
combination of dislocation glide/creep and diffusion creep. The rela-
tionship between the two deformation mechanisms is not seen as a 
simple operation of these two mechanisms in parallel, but as a serial 
process, where the diffusion creep and grain boundary sliding may 
accommodate strain incompatibilities arising from the operation of less 
than 5 independent slip systems during dislocation glide (the common 
situation for quartz). This interpretation is made in analogy to “wet” ice, 
where a stress exponent of n = 2 is observed over a large grain size range 
(Goldsby and Kohlstedt 2001; Kuiper et al., 2020). “Wet” ice is high 
temperature ice (T > − 10 ◦C), where a liquid water film is present on 
grain boundaries. This liquid water film accommodates grain boundary 
sliding and diffusive mass transfer. These latter two processes help to 

overcome strain incompatibilities and accommodate dislocation creep 
when less than 5 independent slip systems operate (Goldsby and Kohl-
stedt 2001; Kuiper et al., 2020). Less than 5 independent slip systems are 
the normal situation in most silicates, so that strain incompatibilities are 
an important aspect in silicate dislocation creep. The low stress exponent 
of n = 2 in dislocation creep may be explained by overcoming strain 
incompatibilities by diffusive mass transfer and grain boundary sliding 
instead of climb control. The elevated H2O content in the grain 
boundary region of deformed quartz aggregates documented in this 
study may be a similar situation as the liquid H2O films in “wet” ice. 
Dissolution-precipitation processes in the grain boundary regions and 
recrystallized grains have already been inferred for the deforming quartz 
aggregates (Négre et al., 2021; Pongrac et al., 2022), supporting an 
analogy to “wet” ice. Higher confining pressures may enhance dissolu-
tion rates (Manning 2018) and thus potentially the efficiency of grain 
boundary processes. 

It is interesting to note that the H2O in the grain boundary regions in 
this study is partially derived from the grain interiors. Such a situation 
has already been observed by Kilian et al. (2016) in natural rocks. The 
ubiquitous abundance of fluid inclusions in quartz grains may provide a 
typical source for H2O in quartz deformation. Decrepitation of such in-
clusions is documented in experimental studies (FitzGerald et al., 1991; 
Tarantola et al., 2010, 2012; Stünitz et al., 2017) and provides a viable 
process for the transfer of H2O from the interiors of grains towards the 
grain boundaries (cf. Stipp et al., 2006). Microcracking and crack 
healing are a closely related processes that may transfer the H2O back 
into the grain interiors. 

4.5. Geological applications – presence and storage of H2O in mylonites 

This study illustrates that the amount of H2O required for the 
deformation of quartz is relatively small (~several hundred ppm H). 
This range of H-contents is similar to that of previous studies (Post and 
Tullis 1998; Stipp et al., 2006; Gleason and DeSisto, 2008). Natural 
quartzites like the Tana quartzite used in this study contain far greater 
amounts of H2O, so that the local H2O content may well be reduced 
substantially without causing a hardening of the deforming quartz due 
to insufficient H2O (Kronenberg et al., 2017, 2020; Kilian et al., 2016). 

The H2O lost from the interiors of grains has remained in the grain 
boundary regions as observed in other studies (Kilian et al., 2016; Kro-
nenberg et al., 2017, 2020). It may be important for the deformation 
process that this H2O reservoir in grain boundaries is maintained during 
the deformation, because it may facilitate dissolution precipitation 
processes and grain boundary sliding, both of which seem to be 
important for accommodation processes during dislocation creep. 
Likewise, dynamic recrystallization is known to be enhanced by H2O (e. 
g., Tullis and Yund, 1989). Re-introduction of H2O into deforming 
quartz grains (if H2O loss has been extreme as demonstrated by Kilian 
et al., 2016) through micro-cracking is very likely, too and dependent on 
the presence of a H2O reservoir in grain boundaries. 

Grain boundary sliding and cavitation processes are known to 
maintain aqueous fluids in shear zones (e.g., Fusseis et al., 2009). Thus, 
it appears likely that H2O in the grain boundary regions of the deforming 
aggregate can be retained. However, when temperatures reach condi-
tions of partial melting, the H2O will partition into the melt, and if the 
melt is removed from the deforming rock, this process may cause an 
effective drying of the deforming rock, leading to high stresses during 
deformation (e.g., Menegon et al., 2011). Such conditions may be real-
ized in the granulite facies, so that strong mechanical behavior of quartz 
may be expected as a consequence of a vanished grain boundary H2O 
reservoir. Thus, maintaining the H2O budget of the whole rock is 
important, even if the intracrystalline H2O content of the quartz grains 
(transiently) can be small. 

Fig. 9. Total absorbance at 3585 cm− 1 as a function of the confining pressure. 
The absorbance of the band increases with pressure. Measurements were car-
ried out in the high strain zones of the experimental samples. 

Fig. 10. Total absorbance (integration of the region 3000 to 3800 cm− 1) of the 
Al–H triplet (3317, 3375 and 3438 cm− 1) at grain interiors vs. grain bound-
ary regions. 
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5. Conclusions 

Detailed measurements of H2O content by FTIR in very pure Tana 
quartzite starting material and in experimentally deformed samples of 
this material at 900 ◦C and various pressures show that there is a higher 
H2O content in the grain boundary regions than in grain interiors in the 
starting material. This trend is enhanced during hydrostatic treatment 
and continues further during deformation. The reason for the increasing 
H2O content in grain boundaries and decreasing H2O in grain interiors is 
inferred to be H2O transfer from fluid inclusions in the interiors to the 
grain boundaries by microcracking and advective processes, including 
potential transport via dislocations. Increasing confining pressure does 
not show systematic effects on transport, so that the H2O transfer pro-
cesses do not appear to be pressure dependent. 

The absorbance of the 3585 cm− 1 absorption band increases sys-
tematically with confining pressure. This band is at least in part asso-
ciated with OH contained in dislocations, so that probably the 
dislocations can absorb more OH with increasing pressure. The absor-
bance of the triplet of the Al–H discrete absorption bands becomes 
systematically higher in grain boundary regions than in grain interiors 
with deformation. As these absorption bands have been assigned to H 
incorporated in quartz as a charge balance for Al, it is inferred that there 
is an Al-exchange of quartz during grain boundary migration or with the 
very small amount of Al-containing melt generated during the 
experiments. 

The grain boundaries play an important role for facilitating solution 
precipitation processes for grain boundary migration and grain bound-
ary sliding during continued plastic deformation. H2O in the experi-
mental samples is not lost during the deformation, so that despite 
decreasing H2O in grain interiors samples do not harden. H2O may be re- 
introduced into grains from the grain boundary region as long as the 
H2O is retained in the sample. It is inferred for natural deformation 
processes that, as long as H2O is retained in the grain boundary regions, 
the internal H2O content of most natural samples will be sufficient to 
facilitate quartz deformation. H2O may be transferred back and forth 
between grain interiors and grain boundaries through microcracking as 
long as the grain boundaries act as a fluid reservoir. Low contents of 
several hundreds of ppm H are sufficient to induce H2O weakening of 
quartz. 
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