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Key Points
• Occurrence of hydrolytic weakening in quartz in the low-temperature plas-

ticity regime tested by spherical and Berkovich nanoindentation.

• Intracrystalline H2O content does not affect the strength of quartz in the
low-temperature plasticity regime.

• The pre-indentation intracrystalline strain controls the yield strength and
hardness of natural quartz.

Abstract.
At low-temperature and high-stress conditions, quartz deformation is controlled
by the kinetics of dislocation glide, often referred to as low-temperature plastic-
ity (LTP). To investigate the relationship between intracrystalline H2O content
and the yield strength of quartz during LTP, we have integrated spherical and
Berkovich nanoindentation tests at room temperature on natural quartz grains
from a deformed migmatitic gneiss with electron backscatter diffraction (EBSD)
and secondary-ion mass spectrometry (SIMS) measurements of intracrystalline
H2O content. Dry (<20 wt ppm H2O) and wet (20–100 wt ppm H2O) crystals
exhibit comparable indentation hardness, which is proportional to quartz yield
strength. Thus, quartz yield strength, seems to be unaffected by the intracrys-
talline H2O content. Pre-indentation strain history may have had a major role
in generating a high density of dislocation sources, which controlled the yield
stress during LTP.
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Plain Language Summary
Quartz generally contains small amounts of water within its crystal structure.
These small amounts may dramatically decrease quartz strength at high tem-
peratures typical of the deeper portions of Earth’s crust. At slightly lower
temperatures (200–300°C), the effects of these small amount of water on quartz
strength is still matter of debate. Here, we present the results of mechanical
tests measuring the resistance to the penetration by a microscopic diamond
tip of natural quartz grains containing different amounts of water. These ex-
periments are expected to promote the activation of deformation mechanisms
experienced by quartz in the intermediate portions of the Earth’s crust, where
earthquakes commonly nucleate. The results demonstrate that the mechanical
resistance of quartz is similar for different intracrystalline water content. Thus,
the small amounts of water contained in the quartz crystal structure do not
affect its strength. Rather, it seems that the high density of defects in the
crystal structure, which developed during the long geological history of natural
quartz samples, controls the actual strength of quartz in our experiments, and,
by extrapolation, at intermediate depth in Earth’s crust.

Keywords
Nanoindentation, Low-temperature plasticity, Quartz, Dislocation glide, Hy-
drolytic weakening.

1. Introduction
Experimental rock deformation has demonstrated that the strength of quartz
is significantly reduced by the presence of intracrystalline H2O either bonded
to the crystal lattice or occurring as micro-fluid inclusions, i.e., quartz exhibits
hydrolytic weakening (Ave Lallemant & Carter, 1971; Griggs, 1967; Griggs &
Blacic, 1965; Tullis & Yund, 1980). Results from laboratory experiments estab-
lished that water weakening occurs in both synthetic and natural quartz crystals
with intracrystalline H2O contents larger than 20–30 wt ppm (about 150 H/106

Si) (Stünitz et al., 2017 and references therein). Several different microphysical
processes have been proposed to explain water weakening in quartz: (1) hy-
drolyzation of Si-O-Si bonds around dislocations to form weaker Si-OH:HO-Si
bonds, consequently decreasing the resistance to dislocation motion (i.e., re-
ducing the Peierls stress) (Griggs, 1967), (2) enhanced dislocation generation
around H2O clusters within the crystal lattice (McLaren et al., 1989; Stünitz
et al., 2017), and enhanced recovery through increased ionic diffusivities and
faster dislocation climb (Post et al., 1996; Tullis and Yund, 1989).

HyHydrolytic weakening has been experimentally observed in natural and syn-
thetic quartz samples deformed at high homologous temperature, conditions
for which dislocation climb and recovery processes are efficient and control the
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overall strain rate (Fitz Gerald et al., 2006; Holyoke & Kronenberg, 2013; Kro-
nenberg & Tullis, 1984; Mancktelow & Pennacchioni, 2004; Stipp et al., 2006;
Tullis & Yund, 1980). However, there is considerably interest in the deformation
of quartz higher stresses and lower temperatures that are characteristic of the
strength-controlling portion of the continental crust near the frictional-viscous
transition (Goldsby et al., 2004; Lloyd, 2000; Stünitz et al., 2017; Trepmann et
al., 2017). At such conditions, often referred to as the low-temperature plasticity
(LTP) regime, intracrystalline plasticity of quartz is assumed to be controlled
by the kinetics of dislocation glide rather than recovery, and therefore any water
weakening is expected to come from either an effective decrease in Peierls stress
(Griggs, 1967) or an increase in the dislocation nucleation rate (e.g., Stünitz et
al., 2017). However, the possible effect of H2O, H+ or OH– on the resistance to
dislocation glide in quartz is still debated (Hartley & Wilshaw, 1973; McLaren
et al., 1989; Trepied & Doukhan, 1982). Unfortunately, only very few experi-
ments have been conducted at low temperatures, with conflicting results. For
example, based on very few data points, Griggs (1967) argued that hydrolytic
weakening occurs in quartz, but only above a threshold temperature of ~400
°C. In contrast, Evans (1984) observed no hydrolytic weakening up to ~900 °C.
In addition, both of these previous studies were conducted on synthetic quartz,
making extrapolation to geological settings less clear. Thus, an improved under-
standing of the effect of intracrystalline H2O on the strength of natural quartz
in the LTP regime is essential for future analysis of deformation at high stress
in the crust.

Here we address this topic by analysing the hardness of natural quartz grains
with different H2O contents through a series of nanoindentation tests at room
conditions (T = 25 °C, P = 1 atm). Nanoindentation is a valuable experimen-
tal procedure to investigate dislocation-controlled plasticity at low-temperature
conditions, given that the sample surrounding the indented volume experiences
large self-confining pressures that suppress brittle deformation (e.g., Evans &
Goetze, 1979). Here we implement spherical and Berkovich nanoindentation
tests to retrieve the hardness of individual quartz crystals with different amounts
of intracrystalline H2O. Spherical nanoindentation provides an estimate of the
yield hardness, which is proportional to the yield stress at which quartz starts
to deform plastically by dislocation glide (Pathak & Kalidindi, 2015). The hard-
ness retrieved from Berkovich nanoindentation is considered as a proxy for the
post-yield resistance to plastic flow, representing the flow stress at constant in-
dentation strain of 7%. (Fischer-Cripps, 2011). We are primarily interested
in the mechanical effects of intracrystalline H2O on the plastic yield and flow
strength of quartz in the LTP regime. Therefore, we are not addressing the
mechanisms that may facilitate fluid infiltration and redistribution in quartz
(e.g., micro-cracking and crack healing: Stünitz et al., 2017; Trepmann et al.,
2017). Nanoindentation has been integrated with measurements of intracrys-
talline H2O contents of the indented grains with secondary ion mass spectrom-
etry (SIMS), and with electron backscatter diffraction (EBSD) analysis of the
indented grains.
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2. Materials and Methods
2.1. Sample material
The two investigated natural quartz aggregates occur in the granulite-facies
migmatitic gneisses of the Seiland Igneous Province (northern Norway), which
were deformed at T = 760-820 °C and P = 0.75–0.95 GPa (Menegon et al.,
2011). Rock chips (1 cm x 1 cm x 0.3 cm) were cut from the leucosome-rich and
from the leucosome-poor domain of the migmatitic gneiss sample Ø15 analysed
in Menegon et al. (2011). The surface of the rock chip tested with nanoinden-
tation is oriented perpendicular to the foliation and parallel to the stretching
lineation (XZ kinematic plane). This surface was prepared for indentation and
subsequent electron microscopy by iteratively polishing with diamond suspen-
sions of decreasing grit size, finishing with a grit size of 0.05 �m. Quartz grains
exhibit internal deformation in both domains, as evidenced by undulatory ex-
tinction and the presence of subgrains (Fig. 1a-b). Further details on the initial
sample microstructure can be found in Menegon et al. (2011).

2.2. Nanoindentation tests and data analysis
Nanoindentation tests were carried out at the Department of Materials, Univer-
sity of Oxford (UK), using an MTS Nanoindenter XP equipped with Contin-
uous Stiffness Measurement (CSM). Two series of nanoindentation tests were
performed at room temperature (25°C) on quartz grains using Berkovich (three-
sided pyramid with half angle of 65.27°) and spherical (effective radius of 7 µm)
diamond indenter tips. Tests were performed at constant indentation strain rate
(defined as loading rate divided by load) of 0.05 s-1 up to a maximum depth of
2 µm and a maximum load of 530 mN. Load and displacement into the sample
were measured continuously throughout the duration of each test (260 s). Stress-
strain curves for spherical nanoindentation tests have been computed from
load-displacement data following the approach of Pathak & Kalidindi (2015).
The yield hardness has been obtained from graphical evaluation of stress-strain
curves. Hardness and elastic modulus were computed from continuous stiffness
measurements during Berkovich nanoindentation tests following the approach
of Oliver & Pharr (1992). Values of elastic modulus and hardness reported in
the text refer to those measured at the maximum load (530 mN). Of the total
dataset of nanoindentation tests, only those effectively performed within single,
optically-clear grains, away from grain boundaries, fluid inclusion traces, and
macroscopic inter-granular fractures (as inferred from EBSD and BSE images),
have been considered for further mechanical analysis (136 Berkovich + 68 spher-
ical). Further information about the experimental procedure and processing of
mechanical data can be found in the Supplementary material Text S1.
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2.3. Secondary ion mass spectrometry (SIMS)
Intracrystalline H2O content in quartz was measured with the Cameca IMS-4f
ion probe at the NERC Ion Microprobe Facility at the University of Edinburgh,
UK. Measurements were acquired from the same optically-clear quartz grains
on which nanoindentation tests were performed, paying attention to avoid fluid
inclusions, cracks, and grain boundaries. The samples were coated with a thin
gold film (<0.02 µm) and kept in the SIMS chamber under high vacuum condi-
tions (5 x 10-9 Torr) for >48 hours prior to analysis. Analysis was performed
with a 5 nA primary beam of 16O- ions accelerated to 14.5 kV. Basaltic glass
standard St81A9 (Lesne et al., 2011) was used to calibrate the H2O contents,
whereas an anhydrous olivine standard (Kilbourne Hole) was used to correct
for background 1H signals. H2O contents calculated as wt ppm H2O have been
converted to H/106 Si applying the conversion of Gleason and DeSisto (2008)
(1 wt ppm H2O = 6.67 H/106 Si).

2.4. Electron Backscatter Diffraction (EBSD)
EBSD analysis was performed on selected areas investigated by nanoindentation.
Samples have been carbon-coated without any additional (neither mechanical
nor chemical) polishing of the surface to preserve residual indentations (Fig.
S1). EBSD analysis was performed at the Electron Microscopy Centre of the
University of Plymouth (UK) using a JEOL 7001 FEG SEM equipped with a
NordLys Max EBSD detector (AZtec acquisition software, Oxford Instruments).
EBSD maps were acquired with a step size of 0.3 µm using a 20 kV acceleration
voltage, a working distance between 17 and 20 mm, and processed with the
AZtec software package (Oxford Instruments). EBSD results are presented as
orientation maps and inverse pole figures, in order locate individual indents
within the quartz aggregate and to retrieve the crystallographic direction of
quartz parallel to the loading direction (Figs. 1c-e; S2). EBSD maps of the
grain orientation spread (GOS), grain reference orientation deviation (GROD),
and kernel average misorientation (KAM) were derived to evaluate the extent
and distribution of intracrystalline deformation and associated substructures
near each indent (Figs. 1c-d; S2).
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Figure 1
(a and b) Optical microstructure of leucosome-rich and leucosome-poor quartz
aggregates adopted for nanoindentation tests (Sample Ø15, Menegon et al.,
2011).(c and d) Result of EBSD mapping, for WQ and DQ respectively, includ-
ing from left to right: orientation map colour coded according to the inverse pole
figure for the Y-kinematic direction (colour coded according to the inverse pole
figure legend shown in the upper right corner of the figure); maximum grain-
orientation spread (GOS) map indicating the maximum value of misorientation
from the average orientation of each grain; grain-reference-orientation deviation
(GROD) maps indicating the local misorientation of each pixel within a grain
with respect to the average grain orientation; and kernel-average misorientation
(KAM) maps indicating the local misorientation (up to 4°) at each pixel based
on a 5x5 grid of neighbouring pixels. (e) Inverse pole figure indicating the crys-
tallographic directions of quartz crystals parallel to the indentation direction
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(Y) for Berkovich (light blue dots) and spherical (orange dots) nanoindentation
as inferred from EBSD orientation maps.

3. Results
3.1 SIMS – H2O-content analysis
SIMS analyses from quartz in leucosome-poor samples reveal H2O contents rang-
ing between 15 and 27 wt ppm of H2O (average of 18 ppm over 5 measurements).
Quartz in leucosome-rich samples reveal H2O contents ranging between 2 ppm
and 104 ppm (average of 45 ppm over 13 measurements). SIMS results are in
agreement with the values obtained by Menegon et al (2011) by FTIR analysis
of the Ø15 sample. Given the observed scatter in the measured H2O contents,
SIMS data and the related results of nanoindentation tests and EBSD analy-
ses have been divided into two datasets (“dry quartz” – DQ; “wet quartz” –
WQ; Fig. 2) considering 20 wt ppm H2O as the threshold above which quartz
grains are commonly considered “wet” (Milke et al., 2013; Stünitz et al., 2017).
Quartz grains with <20 wt ppm H2O have been assigned to the “dry quartz”
(DQ) dataset (2-18 wt ppm H2O over 7 measurements; Fig. 2), whereas quartz
grains with >20 wt ppm H2O to the “wet quartz” (WQ) dataset (27-104 wt
ppm H2O over 11 measurements; Fig. 2), regardless of the location of the grain
(leucosome-rich vs leucosome-poor domain).
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Figure 2
Box-and-whisker plot presenting the H2O content of DQ and WQ samples as
obtained from SIMS analysis. The inset reports the mean and 2� values of
measured wt ppm H2O.

3.2 EBSD maps
Nanoindentation tests were performed mainly either parallel to directions
halfway between <r> and <z> or normal to [c] crystal directions (Fig. 1e)
as a consequence of the strong crystallographic preferred orientation of both
natural quartz samples (Menegon et al., 2011). Dauphiné twins are widespread
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around indents forming four-fold lobes (Fig. 1c-d), as similarly observed by
previous studies (Ferguson et al., 1987; Hartley & Wilshaw, 1973; Lloyd, 2000).

The indented grains in both DQ and WQ have maximum grain orientation
spread generally >8° (GOS in Fig. 1c-d). The EBSD maps highlight the pres-
ence of (i) internal bands with misorientation of up to 21° with respect to the
average orientation of the grain (GROD in Fig. 1c-d) and (ii) a high density of
low-angle boundaries surrounding regions of low local misorientation (KAM in
Figs. 1c-d). Additional EBSD maps and SE images of indents can be found in
the Supplement (Fig. S1-S2).

3.3 Nanoindentation tests
3.3.1. Spherical nanoindentation tests
Load-displacement curves for spherical nanoindentation tests exhibit (Fig. 3a-b)
(i) residual displacements, indicating plastic deformation, and (ii) rare “steps” in
the loading portion of the load-displacement curve, usually referred to as “pop-
ins” (hollow circles in Fig. 3a-b). We note that these pop-ins are considerably
smaller than what is commonly reported in literature (e.g., Kumamoto et al.,
2017; Pathak & Kalidindi, 2015). The yield hardness is usually retrieved from
graphic evaluation of stress-strain curves as the breakpoint in the slope between
the first segment of the curve, exhibiting a linear relationship between stress and
strain, and the remaining part of the curve showing a generally less steep slope
describing the plastic behaviour of the sample (Kumamoto et al., 2017; Pathak
& Kalidindi, 2015). However, there can be ambiguity in stress-strain curves, and
in many of our tests it is possible to define two breakpoints (Fig. 3c-d). For each
indent, we report the stress values of both points along the stress-strain curve
as Yp1 and Yp2. At stresses above both Yp1 and Yp2, the stress conditions
continue to increase with strain, which is consistent with the strain hardening
previously observed in nanoindentation tests on other geological materials in the
LTP regime (Kranjc et al., 2016; Kumamoto et al., 2017). The corresponding
values of hardness at Yp1 and Yp2 are reported in Fig. 4a for the whole dataset.
Both Yp1 and Yp2 yield points occur over a wide range of stress conditions, yet
comparable for both WQ and DQ samples (Fig. 4a). The hardness at Yp1 for
WQ (5.8 ± 2 GPa [2�]) is statistically indistinguishable from the value at Yp1
for DQ (6.1 ± 2 GPa). Similarly, hardness at Yp2 for WQ (10.9 ± 3 GPa) is
also statistically indistinguishable from the value at Yp2 for DQ (11.7 ± 2 GPa).
Some of the variability in yield hardnesses can be attributed to plastic anisotropy,
as best evidenced by Yp1 in WQ, for which values of Yp1 derived from tests
performed parallel to <a> and <m> (6.0–8.5 GPa) are on average larger than
those obtained from indentation parallel to crystal directions intermediate to
<r> and <z> (<6.0 GPa; Fig. 4b).
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3.3.2. Berkovich nanoindentation tests
Load-displacement curves from Berkovich nanoindentation tests exhibit a resid-
ual displacement of ~0.8 µm (Fig. 3e-f). Elastic moduli calculated at maximum
load (530 mN) for WQ and DQ range between 84 and 107 GPa (98.7 ± 12
GPa), and 79 and 107 GPa (92.1 ± 11 GPa), respectively (Fig. 4d). Elastic
moduli are comparable (within 5–10%) with the elastic modulus predicted for
right-handed �-quartz (Ogi et al., 2006), with larger values for quartz samples
indented parallel to <r-z> than those obtained from samples indented paral-
lel to <a-m> (Fig. 4e). Hardness values for WQ and DQ at maximum load
conditions ranges between 9 and 13.5 GPa (11.7 ± 2 GPa), and 8 and 13 GPa
(10.6 ± 2 GPa), respectively (Fig. 4d). DQ samples indented parallel to <a>
and <m> directions exhibit significantly (up to 4 GPa) lower hardness values
compared to WQ samples indented close to <r-z> (Fig. 4f). During sample
loading, hardness decreases with increasing indentation depth into the sample
(Supplement S3).
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Figure 3
Load-displacement and stress-strain diagrams resulting from spherical and
Berkovich nanoindentation tests. (a and b) Load-displacement diagrams
of representative spherical nanoindentation tests for DQ and WQ samples,
respectively. Purely elastic behaviour of the sample would be represented by a
linear relationship between (Displacement)3/2 and Load. Circled points along
load-displacement curves represent the occurrence of a pop-in during loading.
(c and d) Stress-strain curves calculated from spherical nanoindentation for
DQ and WQ respectively. Both curves present two breakpoints (Yp1 and Yp2)
at which the slope changes, and either could be taken to represent the yield
conditions [see text for explanation]. (d and e) Load-displacement diagram
of representative Berkovich nanoindentation tests for DQ and WQ samples,
respectively.
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Figure 4
Results of hardness measurements from nanoindentation tests. (a) Stress-strain
scatter diagram and box-and-whiskers plot indicating the distribution of yield
hardness-strain conditions for the identified breakpoints Yp1 and Yp2 along
stress-strain curves. The insets report the mean, median, and 2� (in bracket)
of the yield hardness of each dataset. (b) Inverse pole figures for quartz illus-
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trate the yield hardness values for Yp1 and Yp2 for each tested crystallographic
direction in DQ and WQ samples. (d) Hardness vs. elastic modulus scatter
plot indicating the distribution of Hmax-Emax values obtained from Berkovich
nanoindentation on WQ and DQ samples. The insets report the mean, me-
dian, and 2� (in bracket) of the elastic modulus and hardness of each dataset.
(e) Inverse pole figures for quartz illustrating the elastic modulus values for
each tested crystallographic direction. The dashed contour lines represent the
expected variation of elastic modulus as calculated from the elastic tensor of
dry and wet quartz at room temperature (Ogi et al., 2006). (f) Inverse pole
figures for quartz illustrating the indentation hardness values for each tested
crystallographic direction.

4. Discussion and Conclusion
The range of intracrystalline H2O content in DQ and WQ is relatively narrow,
but it encompasses the transition from what is normally considered “dry” and
“wet” quartz in deformation experiments, at around 20–30 wt ppm H2O (Stünitz
et al., 2017). At low-temperature conditions, hydrolytic weakening is expected
to either increase the dislocation density by promoting dislocation nucleation
and multiplication around intracrystalline H2O defects (McLaren et al., 1989;
Stünitz et al., 2017), or decreasing the Peierls stress by covalent bond hydrolyza-
tion around dislocations (Griggs, 1967).

The experiments presented here allow us to test these expectations by conduct-
ing identical experiments on the two groups of quartz grains. The results of
indentation experiments are notoriously difficult to compare directly to other
types of mechanical effects because of the complicated deformation geometry
and potential effects related to the scale of deformation (Kumamoto et al.,
2017). For instance, the hardness in our Berkovich tests decreases with in-
dentation depth, indicating the occurrence of a “size-effect” in quartz (Fig. S3).
However, our analysis of hardness values from the same Berkovich indentation
depth or the yield hardness obtained with the spherical indenter of the same
radius allows direct comparison within our data set.

Our comparison of indents conduct on wet and dry grains of quartz demonstrates
that:

1. For the range of intracrystalline H2O content sampled here, both the
spherical yield hardness and Berkovich hardness do not systematically dif-
fer between WQ and DQ grains. These observations suggests that neither
the yield stress (and by proxy the Peierls stress) nor the flow strength
of quartz are affected by the intracrystalline H2O content. Thus, the ap-
parent lack of a reduction in Peierls stress suggests hydrolytic weakening
by covalent bond hydrolyzation is not efficient in the LTP regime. We
note that our results cannot rule out a reduction of the Peierls stress at
intermediate temperatures as suggested by Griggs (1967).
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2. Load-displacement curves are characterised by rare, low-intensity pop-ins.
The lack of more substantial pop-ins suggests a high density of dislocation
sources is available (Kumamoto et al., 2017) within both WQ and DQ
grains. This observation suggests that the different intracrystalline H2O
content of WQ and DQ did not influenced the nucleation and multiplica-
tion of dislocations (c.f. McLaren et al., 1989; Stünitz et al., 2017).

3. WQ and DQ grains are characterised by significant lattice curvature, local-
ized misorientation bands, and high densities of low-angle boundaries (Fig.
1c-d), resulting from the geological, pre-indentation crystal-plastic defor-
mation history (Menegon et al., 2011). These substructures are indicative
of an inherited high dislocation density of the natural samples and have
likely acted as the dominant dislocation sources during nanoindentation
(e.g., Pathak & Kalidindi, 2015), dominating over any possible influence of
intracrystalline H2O on dislocation nucleation and multiplication. Thus,
the pre-indentation strain history of quartz in the Ø15 sample might have
masked the potential effect of intracrystalline H2O content on plastic yield
strength, by generating a consistently high density of dislocation sources
in all the tested grains.

These results provide critical insight into the strength of quartz-rich shear zones
in the continental crust during their exhumation approaching the frictional-
viscous transition (e.g., Giuntoli et al., 2020; Handy et al., 2007). Under such
conditions, progressively lower temperatures and increasing stresses promote
LTP and hinder recovery processes (Trepmann et al., 2017; Trepmann & Sey-
bold, 2019). Our results indicate that the kinetics of dislocation glide in the
LTP regime will not be affected by the intracrystalline H2O content of quartz,
as it is otherwise expected for dislocation creep-controlled deformation at higher-
temperature (Kilian et al., 2016; Palazzin et al., 2018). Furthermore, the in-
tracrystalline strain history inherited from higher-temperature deformation at
deeper crustal conditions may play a more important role than intracrystalline
H2O content in controlling the yield strength of quartz. Yet, other mechanisms
(e.g., dislocation multiplication related to micro-fluid inclusions) or intracrys-
talline H2O contents larger than those sampled here (i.e., »100 wt ppm H2O),
might be necessary to promote hydrolytic weakening during LTP in natural
samples with an inherited intracrystalline strain (Stünitz et al., 2017). We can-
not exclude that hydrolytic weakening may still occur during LTP in strain-free,
H2O-rich quartz crystals, for example in quartz grains in synkinematic veins,
which frequently localize strain at the base of the seismogenic zone in the mid-
dle crust (Ceccato et al., 2017; Handy et al., 2007; Marchesini et al., 2019;
Pennacchioni et al., 2010). Further nanoindentation experiments on selected
vein quartz grains are required to test this hypothesis.
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