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Abstract

To understand the dislocation creep behavior of water-saturated clinopyroxene in the upper
mantle, we conducted high-temperature triaxial compression experiments on hot-pressed
diopside aggregates under water-saturated conditions at confining pressures of ~300 MPa
and temperatures of 1373–1473 K using a Paterson gas-medium apparatus. Fourier trans-
form infrared measurements of the water contents revealed that all experiments were
performed under water-saturated conditions. Fitting the mechanical data with a power
flow law yielded a stress exponent n of 2.2 ± 0.6, an activation energy Q of 442 ± 33 kJ/mol,
and a material-dependent parameter A of 106.9±0.5 MPa−2.2 s−1. For comparison, a single
deformation experiment was performed under anhydrous conditions at a temperature
of 1473K. The mechanical results show that the water-saturated diopside aggregates de-
form approximately 1.5–3 orders of magnitude faster than their anhydrous counterpart,
indicating a pronounced water-weakening effect. Furthermore, under water-saturated
conditions, our mantle-derived diopside aggregates have comparable strengths to that of
Fe-rich Sleaford Bay clinopyroxene at 1473 K and laboratory strain rates but significantly
weaker than that of olivine aggregates. The results in this study provide key experimen-
tal constraints on the flow behavior of mantle-derived clinopyroxene aggregates under
water-saturated conditions.

Keywords: diopside; dislocation creep; water-saturated; water weakening

1. Introduction
Despite its moderate average abundance (~13%) [1,2] in the upper mantle, clinopy-

roxene (Cpx) can form highly enriched domains (locally ~80%) through processes such as
mantle metasomatism, melt-rock interaction, and crustal recycling [3–5], thereby potentially
exerting a dominant control on local rheology. Field studies further indicate that upper
mantle deformation is commonly localized within lithological heterogeneities, particularly
pyroxene-rich domains in peridotites and pyroxenites, emphasizing the importance of
constraining the rheology of Cpx in heterogeneous mantle rocks [6,7]. The rheological
behavior of Cpx is particularly critical for understanding mantle geodynamics because it
has an exceptional capacity to incorporate structurally bound hydrogen, reaching up to
~3020 ppm H2O [8], which is the highest among major upper mantle minerals. Given that
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water markedly weakens nominally anhydrous silicates (e.g., [9–15]), even small variations
in water content may strongly affect Cpx rheology.

Since the 1960s, numerous high-temperature deformation experiments have been
conducted on both single crystals and polycrystalline aggregates to constrain the rheo-
logical properties of Cpx (e.g., [16–21]). After excluding data from low-stress-resolution
apparatuses and early experiments with poorly monitored water contents, robust flow law
parameters have been obtained for diopside single crystals and for crustal-derived Sleaford
Bay Cpx. For diopside single crystals, deformation at lower temperatures is accommodated
by slip on the {110}1/2<a ± b> system, with an activation energy of Q ≈ 440 kJ/mol, while
a combination of {110}1/2<a ± b> and (100) [001] slip operates at higher temperatures, char-
acterized by Q ≈ 740 kJ/mol [22–24]. For the Sleaford Bay Cpx and for hot-pressed polycrys-
talline aggregates synthesized from its mineral separates, the dislocation creep parameters
under dry conditions are a stress exponent of n = 4.7 ± 0.2 and Q = 760 ± 40 kJ/mol [25],
whereas diffusion creep yields n ≈ 1 and Q = 760 ± 40 kJ/mol [26]. Under water-saturated
conditions, dislocation creep gives n = 2.7 ± 0.3 and Q = 670 ± 40 kJ/mol [10], and diffusion
creep gives Q = 340 ± 30 kJ/mol [26].

In contrast, the rheological properties of low-iron (~3 at.% Fe) [27–30] polycrystalline
Cpx aggregates of mantle origin remain poorly constrained [18,31,32]. Studies on olivine,
a fellow Mg–Fe solid-solution mineral, demonstrate that Fe content significantly influ-
ences rheological strength and flow parameters [33,34]. This observation raises questions
regarding the applicability of flow laws derived from Fe-rich, crustal Cpx to their man-
tle counterparts. To address this gap, Li et al. [35] recently investigated the rheology of
polycrystalline diopside aggregates under water-unsaturated conditions. To more compre-
hensively understand the rheology of low-Fe, mantle-derived Cpx under varying water
activities, the present study employs the same diopside starting material as Li et al. [35]
and conducts deformation experiments under water-saturated conditions with oxygen
fugacity buffered by Ni/NiO (NNO). Our aim is to quantify the influence of water on the
rheological behavior of low-Fe mantle Cpx.

2. Experimental Details
2.1. Starting Material and Sample Preparation

The starting material was natural clinopyroxene identical to that used in Li et al. [35].
It consisted of gem-quality, dark-green transparent crystals collected from Russia. Elec-
tron microprobe analysis (EMPA) indicates that the crystals correspond to a Cr-bearing
diopside with a composition of Ca0.98Na0.015Mg0.99Fe0.044Cr0.012Al0.008Si1.98O6. Polarized
FTIR measurements on several crystals indicate that the undeformed starting material
contained structurally bound hydrogen with an average concentration of ~120 ppm by
weight using the calibration of Bell et al. [36]. The crystals were ground to a fine powder,
and a grain size of ∼100 µm was isolated by Stokes settling. The well sorted powder was
uniaxially cold-pressed at ∼200 MPa into nickel capsules (9 mm inner diameter, 20 mm
length), during which a few drops of deionized water (~2 wt.%) were added in several
batches in order to incorporate hydrogen into the diopside structure during subsequent
hot-pressing. The capsules were sealed and hot-pressed at 300 MPa and 1423 K for 4 h in a
Paterson gas-medium apparatus. The nickel capsules buffered the NNO oxygen fugacity.
The resulting aggregates were machined into cylinders (∼14 mm long, 7 mm diameter),
wrapped in 0.025 mm thick Ni foil and then enclosed in a talc sleeve, which served as
an external water source during deformation (Figure A1). To prevent the strengthening
associated with talc dehydration at high temperature from affecting the measured sample
strength, low-strength nickel rings were placed at both ends of the talc sleeve. Finally, the
hydrous sample cylinder, which was already wrapped in Ni foil and enclosed within a talc
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sleeve with nickel end-rings, was sealed inside two tightly fitting, open-ended nickel cans.
This water-saturated assembly (Figure A1) follows the designs of Mei and Kohlstedt [13]
and Chen et al. [10].

For comparison, a deformation experiment was performed under anhydrous condi-
tions, for which the sample assembly preparation was slightly different. The well sorted
powder (~100 µm) was first dehydrated at 1448 K for 15 h in a tube furnace under a
CO/CO2 gas mixture to remove structurally bound water and then cold-pressed into nickel
capsules similarly. The hot-pressing conditions (300 MPa, 1423 K, 4 h) and machining
steps were identical to those for the hydrous samples. The final cylindrical specimen was
re-dehydrated under the same CO/CO2 conditions at 1448 K for 15 h and wrapped in
0.025 mm-thick Ni foil to maintain NNO buffering during deformation (Figure A1).

2.2. Deformation Experiments

The sample assemblies for the anhydrous and water-saturated experiments were
similar in design and layout, following the configuration described in Li et al. [37,38]
(Figure A1), with only minor dimensional differences between the two. In each case,
either a Ni foil-wrapped anhydrous sample or a Ni-can-sealed hydrous sample was placed
between 3 mm-thick alumina spacers together with ~50 mm-long alumina pistons and
30 mm-long zirconia pistons. The entire stack was inserted into a low-carbon iron jacket
(inner diameter 15 mm, wall thickness 0.25 mm) to isolate the sample from the argon gas
confining pressure medium.

Both the hot-pressing and triaxial deformation experiments were performed using a
Paterson gas-medium apparatus [39] at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences [40,41]. Temperature was regulated and monitored using an R-type
thermocouple (Pt–13%Rh/Pt) placed adjacent to the upper surface of the ~3 mm-thick
alumina spacer immediately above the specimen. Pre-experimental furnace calibrations in-
dicated a nearly uniform thermal field within the central hot zone, with an axial temperature
variation smaller than ±2 K along the sample length. The differential load was applied by
a servo-controlled drive system and measured using an internal load cell. Axial shortening
of the sample assembly was monitored by a linear variable differential transformer (LVDT)
located inside the pressure vessel. For more details about the experimental techniques,
please refer to Li et al. [35]. After reaching the target temperature and confining pressure,
a half-hour interval was maintained before deformation commenced to ensure thermal
equilibration in the anhydrous experiments and to allow sufficient time for talc dehydration
and the establishment of water equilibrium in the water-saturated experiments. To ensure
the reproducibility of the mechanical data, deformation experiments on water-saturated
samples were conducted using both stress-stepwise and strain-rate-stepwise load modes.
That is, deformation was applied in a stepwise manner, with either the applied load force
or the imposed strain rate held constant during each step. Once steady-state flow was
attained, as indicated by a constant strain rate or differential stress with time, the corre-
sponding strain rate or differential stress was recorded. Given the significant weakening
of water-saturated diopside aggregates compared to their anhydrous counterparts, the
applied differential stress in the water-saturated experiments was adjusted to ensure that
the resulting strain rates remained within a laboratory-acceptable range (~10−7 to 10−4 s−1).
This adjustment allowed full utilization of the water released from the talc sleeve during
deformation over a period of approximately 4 h. A total of six water-saturated experiments
and one anhydrous deformation experiment were conducted at a confining pressure of
~300 MPa and temperatures of 1373–1473 K. Detailed descriptions of the apparatus and
data processing methods can be found in Shao et al. [40] and Li et al. [35,37,38], respectively.
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2.3. Water Content Analysis

We ensured that deformation experiments were conducted under either water-
saturated or anhydrous conditions by measuring the water content of samples before and
after deformation using Fourier-transform infrared (FTIR) spectroscopy. First, ~1 mm-thick
discs were cut from hot-pressed sample cylinders or post-deformation samples using a
low-speed diamond saw. The discs were then thinned to ~200 µm and polished on both
sides with up to 3000-grit sandpaper. After cleaning with an ultrasonic oscillator, the
samples were dried in a ventilated oven for at least 24 h to remove adsorbed free water.
Next, 6–10 infrared absorption spectra were collected from the center to the edge of each
disc using FTIR spectroscopy. Infrared spectra were collected through a 100 × 100 µm2

aperture over the wavenumber range of 3000–4000 cm−1 using 256 co-added scans at a
spectral resolution of 2 cm−1. To minimize contamination from atmospheric moisture dur-
ing acquisition, the microscope chamber was continuously purged with dry air throughout
the measurements [35]. The obtained absorption spectra were normalized to a 1 cm sample
thickness, and the water content corresponding to each spectrum was calculated based on
the method reported by Bell et al. [36]. The mean value derived from the 6–10 spectra was
taken as the bulk water content of the sample.

COH =
1

I∥γ

∫
K(ṽ)d ṽ (1)

where COH is the hydroxyl content in ppm by weight; I∥ is the internal extinction coefficient
given by 7.09 cm−2 ppm−1 for Cpx; γ is the orientation factor, which is equal to 1/3 for
unpolarized spectra of polycrystalline samples; and K(ṽ) is the absorption coefficient at
wave number ṽ. Water contents expressed as ppm H2O by weight and as H/106 Si are
related by a constant conversion factor of approximately 12 for diopside (e.g., [35]). In
this study, water contents are reported in units of ppm H2O by weight to facilitate direct
comparison with previous petrological and mineralogical studies.

2.4. Microstructural Analysis

Thin sections were prepared parallel to the compression axis for microstructural analy-
ses of all hot-pressed and deformed samples. Microstructure evolution during deformation
was examined using a Leica optical microscopy. For representative samples both before
and after deformation, the equivalent circular diameters of ~150 grains were measured
from images based on their grain-area equivalents and multiplied by 4/π to correct for
sectioning effects of spherical grains [42]. Electron backscatter diffraction (EBSD) analysis
was not performed because the imposed strain was relatively low (≤15%) and insufficient
to develop a detectable crystallographic preferred orientation.

2.5. Mechanical Data Analysis

Real-time recordings of confining pressure, temperature, axial displacement, and
loading force constituted the primary mechanical dataset. After the experiments, the
temporal records of axial displacement and loading force were corrected to derive strain rate
and differential stress, respectively. These corrections accounted for apparatus distortion,
iron jacket strength, and specimen cross-sectional area (based on the assumption of constant
sample volume during deformation) [38].

The deformation results can be well described by a power form flow law:

.
ε = A σn f r

H2O exp
(
− Q

RT

)
(2)
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where
.
ε is the strain rate (s−1), A is a material-dependent parameter, σ is the differential

stress (MPa), n is the stress exponent, f H2O is the water fugacity (MPa), r is the water
fugacity exponent, Q is the activation energy (kJ/mol), R is the gas constant with a value of
8.314 J/(mol·K), and T is the absolute temperature (K).

At a constant confining pressure and over a narrow change in temperatures, the
variation in water fugacity, which is a function of temperature and pressure, is limited from
313 to 325 MPa as temperature increases from 1373 to 1473 K at a pressure of 300 MPa [43].
As the variation in the value of water fugacity in our experiments is too narrow to quantify
the water fugacity exponent r, the f r

H2O term that remains approximately a constant is
incorporated into A, and then, Equation (2) can be simplified to

.
ε = A σn exp

(
− Q

RT

)
(3)

The flow law parameters were determined sequentially to minimize covariance among
fitting parameters. The stress exponent n was first obtained from the slope of log (strain rate)
versus log (stress) at constant temperature. The activation energy Q was then determined
from the temperature dependence of normalized strain rates at a reference stress of 200 MPa.
After fixing n and Q, the material-dependent parameter A was calculated by nonlinear
least-squares fitting of Equation (3) to the entire dataset.

3. Results
3.1. Water Contents

Figure 1 presents the FTIR spectra for hot-pressed and subsequently deformed diop-
side aggregates under both anhydrous and hydrous conditions. Under anhydrous condi-
tions, spectra acquired from samples both before and after deformation exhibit negligible
to minor absorption near 3646 cm−1, corresponding to water contents below ~3 ppm.

 

Figure 1. FTIR spectra of deformed and hot-pressed diopside aggregates collected using an unpolar-
ized infrared beam (sample thickness normalization to 1 cm).

For experiments conducted under hydrous conditions, the spectra of hot-pressed (pre-
deformation) samples are characterized by a sharp absorption band centered at ~3646 cm−1,
attributable to structurally incorporated hydroxyl (OH−), superimposed on a broad absorption
feature spanning ~3700–3000 cm−1 that is assigned to molecular water (H2O) residing along grain
boundaries. Following spectral deconvolution to remove the contribution from grain-boundary
water, the intracrystalline OH− content of these hot-pressed samples is estimated at ~45 ppm.
Figure A2 illustrates a representative spectrum and the Gaussian components used to distinguish
the sharp structural OH band from the broad absorption attributed to molecular H2O.
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In contrast, spectra from the deformed samples display a distinct sharp absorption
band at ~3646 cm−1 and a relatively weak absorption band at ~3456 cm−1, along with a
more pronounced broad absorption feature in the ~3700–3000 cm−1 range. Spectral analysis
yields calculated intracrystalline OH− contents of 82, 72, and 81 ppm for samples deformed
at 1473, 1423, and 1373 K, respectively.

3.2. Microstructures

Optical microscopy reveals that diopside grains in hot-pressed samples exhibit an
equigranular texture with straight and sharp grain boundaries and uniform extinction and
lack a distinct shape preferred orientation (Figure A3). Grain size analysis yields an initial
average grain size of ~80 µm for the starting material (Figure A4a).

After deformation, diopside grains develop a significant shape preferred orientation
with the long axis near perpendicular to the compressional direction, sutured to lobate
grain boundaries, widespread undulatory extinction, subgrains, and fine recrystallized
grains (Figure 2). Lenticular mechanical twins are also sporadically observed (Figure 2h).
Compared to the anhydrous samples, those deformed under water-saturated conditions
display more lobate grain boundaries, more prominent subgrains and recrystallized grains,
whereas the anhydrous samples exhibit more intense undulatory extinction.

 

Figure 2. Optical micrographs under cross-polarized light of anhydrous (a,b) DP396 and water-
saturated (c–h) diopside aggregates deformed at 1373 K (c,d) DP404, 1423 K (e,f) DP412 and 1473 K
(g,h) DP403. Red arrows indicate the compression directions; yellow dash lines mark shape preferred
orientation; yellow rectangles highlight dynamically recrystallized grains; white circles outline
subgrains; yellow circles enclose areas of undulatory extinction; and white double-headed arrows
denote lenticular mechanical twins. Abbreviation: WS, water saturated.
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Grain size statistics indicate that the coarse-grained matrix in the deformed samples
has an average grain size of ~90 µm (Figure A4b), comparable to that of the starting material,
while recrystallized grains (2–10 µm) constitute ~6% of the total area in the anhydrous
samples and between 8 and 12% in the water-saturated samples, based on visual estimation.

3.3. Mechanical Results

A total of four stress-stepwise experiments and three strain-rate-stepwise experiments
were performed on diopside aggregate samples, with six under water-saturated conditions
and one under anhydrous conditions (Table 1). Representative differential stress–strain
curves are shown in Figure A5. Under water-saturated conditions, the six samples were
deformed at 1373, 1423, and 1473 K, with differential stresses restricted to 30–202 MPa,
and the corresponding strain rates were from 3.0 × 10−6 s−1 to 5.4 × 10−5 s−1. Under
anhydrous conditions, the sample deformed at 1473 K, and differential stress from 178 to
289 MPa resulted in strain rates that ranged from 7.4 × 10−7 s−1 to 5.0 × 10−6 s−1. The
substantially lower strain rates observed under anhydrous conditions, despite much higher
applied stresses, indicate a pronounced water-weakening effect.

Table 1. Testing conditions and mechanical results for diopside aggregates.

Experiment Temperature Pressure Stress Strain Rate CHP
H2O CAD

H2O
(K) (MPa) (MPa) (s−1) (ppm) (ppm)

Water-saturated
DP403 1473 305 53 1.8 × 10−5 49 83

83 3.5 × 10−5

31 4.7 × 10−6

63 1.3 × 10−5

99 3.5 × 10−5

304 120 4.8 × 10−5

37 4.5 × 10−6

DP412 1423 309 81 5.8 × 10−6 42 72
124 1.8 × 10−5

308 167 2.9 × 10−5

98 4.4 × 10−6

139 1.0 × 10−5

183 2.1 × 10−5

DP404 1373 299 185 1.4 × 10−5 43 82
112 3.0 × 10−6

159 4.7 × 10−6

202 1.1 × 10−5

DP105 1473 300 37 5.3 × 10−6 — 79
65 1.1 × 10−5

93 2.1 × 10−5

120 5.4 × 10−5

DP103 1423 300 56 5.0 × 10−6 — 89
79 1.0 × 10−5

109 2.1 × 10−5

DP104 1373 298 114 4.9 × 10−6 — 85
147 7.2 × 10−6

181 1.5 × 10−5

Anhydrous
DP396 1473 311 178 7.4 × 10−7 ~3 ~3

225 2.0 × 10−6

271 2.74 × 10−6

244 1.9 × 10−6

289 5.0 × 10−6

HP: Hot-pressed samples; AD: samples after deformation; —: not measured.
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Mechanical data is plotted as strain rate versus stress on log-log axes in Figure 3a.
No systematic difference in steady-state flow behavior was observed between the stress-
stepwise and strain-rate-stepwise loading modes within experimental uncertainty, except
for a moderate scatter in the data obtained at 1423 K. Accordingly, data obtained using both
loading modes are jointly analyzed in the following flow law fitting. Linear least squares fit
to water-saturated data yields a stress exponent of 2.2 ± 0.6. In the normalized strain rate
(σ = 200 MPa) versus reciprocal temperature diagram (Figure 3b), linear least squares fit to
the data yields an activation energy of 442 ± 33 kJ/mol for samples deformed under water-
saturated conditions. With the known stress exponent and activation energy, nonlinear
least squares fit to data yields a material-dependent parameter of 106.9±0.5 MPa−2.2 s−1.
Hence, the flow law for the diopside aggregates under water-saturated conditions is

.
ε = 106.9±0.5σ2.2±0.6 exp

(
−442 ± 33

RT

)
(4)

 

Figure 3. Mechanical results for water-saturated and anhydrous diopside aggregates. (a) Strain rate
versus differential stress for anhydrous (open circles) and water-saturated (solid circles) samples. The
solid orange line represents the flow law extrapolated from Li et al. [35] for anhydrous diopside at
1473 K (CH2O = 40 H/106 Si, ~3 ppm by weight). The dashed line is a least-squares linear fit to the
present anhydrous data, yielding a stress exponent of n = 3.6 ± 0.6. For the water-saturated samples
deformed at 1373–1473 K, the corresponding fit gives n = 2.2 ± 0.6. (b) Normalized strain rate (at
σ = 200 MPa) versus reciprocal temperature (1000/T) for water-saturated experiments. The fitted line
corresponds to an activation energy Q = 442 ± 33 kJ/mol.

4. Discussion
4.1. Water Conditions for Deformation

FTIR spectroscopy measurements indicate that both the hot-pressed starting material
and the deformed sample from experiments DP396 have low OH− contents of less than
3 ppm. These values are near the FTIR detection limit, confirming that these experiments
were performed under anhydrous conditions. In contrast, the hydrous samples contain
significantly higher intracrystalline OH− concentrations, approximately 80 ppm. Based
on the dependence of water solubility in Cr-bearing diopside on water fugacity, pressure,
and temperature established by Bromiley et al. [44], the water contents determined in the
deformed samples reached the solubility level of Cr-bearing diopside under conditions
of ∼300 MPa and 1373–1473 K, indicating that the deformation process occurred under
water-saturated conditions. The FTIR spectra of the hydrous samples also exhibit a broad
absorption band attributed to molecular H2O along grain boundaries, consistent with the
presence of excess fluid during deformation.
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4.2. Effect of Water on the Creep of Diopside

The only sample deformed under anhydrous conditions exhibits well-developed,
widespread undulatory extinction and subgrains, sporadic lenticular mechanical twins and
a small fraction (~6%) of fine recrystallized grains along grain boundaries. In contrast, under
water-saturated conditions, deformed samples are characterized by a higher abundance of
subgrains and recrystallized grains (8%–12%), while mechanical twins are relatively rare.
Such microstructural evidence suggests that the dominant deformation mechanism was
dislocation creep under both anhydrous and water-saturated conditions, and the presence
of water enhances recovery processes driven by dislocation climb.

Using the same starting material, diopside, Li et al. [35] conducted deformation
experiments on diopside aggregates under water-unsaturated conditions, with comparative
experiments performed under anhydrous and water-saturated conditions. They established
a flow law for dislocation creep in diopside under water-unsaturated states and found
that, at CH2O = 3 ppm, the flow law can effectively predict the deformation behavior of
diopside aggregates under anhydrous conditions. However, all their experiments were
conducted under the oxygen fugacity (f O2) of Fe/FeO (IW) buffer. Although Bystricky and
Mackwell [25] reported that oxygen fugacity has little effect on the rheology of Cpx, we
performed an additional deformation experiment on a diopside aggregate under anhydrous
conditions at the NNO oxygen fugacity (DP396). The separate fit to the mechanical data
of DP396 yields a stress exponent n = 3.6 ± 0.6 (Figure 3a), which is consistent within
error with the stress exponent reported by Li et al. [35]. Moreover, the data are well
predicted by the flow law of Li et al. [35], with CH2O = 3 ppm as well. This indicates
that, under anhydrous conditions, oxygen fugacity has a very limited influence on the
rheological behavior of diopside aggregates and the deformation of diopside aggregates
under NNO oxygen fugacity and anhydrous conditions still follows the flow law reported
by Li et al. [35] (with CH2O = 3 ppm), which can be simplified to the form of Equation (3),
with n = 4.3 ± 0.3, Q = 427 ± 31 kJ mol−1, and A = 10−0.7 MPa−4.3 s−1.

In contrast, the diopside aggregates deformed under water-saturated conditions obey
a power flow law with a lower stress exponent n = 2.2 ± 0.6 and comparable Q value
(442 ± 33 kJ/mol). Although the stress exponent is lower than typical values expected for
dislocation creep, the microstructures indicate that deformation is primarily accommodated
by dislocation activity. The samples display widespread undulatory extinction, abundant
subgrains, recrystallized grains, and lobate grain boundaries, all of which are characteristic
of dislocation creep. The dynamically recrystallized grains are fine (2–10 µm) but constitute
only ~8%–12% of the sample area and occur locally along grain boundaries, whereas
the coarse-grained matrix remains continuous. These fine-grained domains may deform
by grain-size-sensitive mechanisms such as diffusion creep or grain-boundary sliding,
which can lower the apparent stress exponent. In addition, the similar activation energies
obtained under anhydrous and water-saturated conditions are consistent with deformation
controlled by the {110}1/2<a ± b> slip system. Therefore, we interpret that dislocation
creep dominates the bulk deformation, while a minor contribution from grain-size-sensitive
processes reduces the apparent stress exponent.

The presence of water significantly weakens the diopside aggregate. For instance,
at a pressure of 300 MPa, temperature of 1473 K, and a differential stress of ~150 MPa,
the creep rate of water-saturated samples is ~70 times faster than that of their anhydrous
counterparts (Figure 4a). The water-weakening mechanism in nominally anhydrous min-
erals is generally attributed to hydrogen-enhanced defect mobility and dislocation climb,
consistent with the behavior observed here, which has been well-discussed in previous
studies (e.g., [10,12–14]).
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Figure 4. (a) Comparison of mechanical data for diopside aggregates under water-saturated (solid
circles) and anhydrous (open circles) conditions. All data were normalized to 1473 K using the
derived flow law parameters. (b) Comparison between water-saturated creep data from this study
(dark green circles, normalized to 1473 K) and from Chen et al. [10] for Sleaford Bay Cpx (orange
squares). The dark green and orange lines show the best-fit flow laws for water-saturated diopside
(XFe = 0.042) obtained in this study and for hydrous Sleaford Bay Cpx (XFe = 0.245, f H2O = 280 MPa)
reported by Chen et al. [10], respectively. Despite differences in Fe content and geological origin, the
two hydrous datasets exhibit nearly identical creep strengths at 1473 K.

4.3. Comparison to Cpx with High Fe Content

Numerous mineralogical and geochemical studies have shown that Cpx from different
provenances often exhibit distinct chemical compositions. Specifically, crust-derived Cpx,
such as those from Sleaford Bay, are relatively enriched in Fe and Al, whereas mantle-
derived Cpx, like the diopside used in this study, are characterized by higher Mg contents.
A comparative investigation of the rheological differences between these two types of Cpx
is crucial for a comprehensive understanding of the rheological behavior of the lower crust
and upper mantle.

The rheological behavior of Sleaford Bay Cpx has been extensively investigated in
previous experimental studies, including under water-saturated conditions [10]. Under
water-saturated conditions, the Sleaford Bay Cpx deforming by dislocation creep has a
stress exponent of n = 2.7 ± 0.3, slightly higher than the n = 2.2 ± 0.6 for diopside. Its
activation energy Q = 670 ± 40 kJ/mol is slightly reduced compared to under anhydrous
conditions but remains significantly higher than that of diopside. It should be noted
that Chen et al. [10] reported water contents of ~60 ppm (using the calibration method
of Paterson [45]) and ~20 ppm (using the calibration of Bell et al. [36]) for Sleaford Bay
Cpx under 300 MPa water-saturated conditions, which are lower than the water contents
observed in our diopside samples under similar conditions. Given these differences in
water solubility and composition, further investigation into the exact nature of water
incorporation in Sleaford Bay Cpx under saturated conditions would be beneficial for a
clearer comparison.

If the deformation of Sleaford Bay Cpx reported by Chen et al. [10] did occur under
water-saturated conditions, its rheological strength under laboratory temperature and
strain rate conditions remains comparable to the diopside in this work, especially at 1473 K
(Figure 4b). Comparing deformation under anhydrous (see Figure 6 in reference [35]) and
water-saturated conditions reveals that the degree of water weakening in Sleaford Bay Cpx
is comparable to that observed in diopside. Under water-saturated conditions, the creep
rate is approximately two orders of magnitude faster than under anhydrous conditions.
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This is the case despite their different chemical compositions, particularly given that Fe3+

and Al3+ ions can influence water solubility in Cpx [46–48].

4.4. Comparison with Other Minerals

To further compare the water weakening effects on mantle minerals, the flow laws of
olivine from Hirth and Kohlstedt [49], of enstatite from Zhang et al. [12] and of diopside
in this study were plotted in Figure 5. Under anhydrous conditions, diopside is slightly
stronger than orthopyroxene and broadly comparable to olivine in laboratory conditions.
This observation is consistent with previous experimental studies (e.g., [10,26,35]) suggest-
ing that Cpx is not intrinsically weaker than other mantle silicates under dry conditions,
despite its more complex crystal structure.

 

Figure 5. Comparative flow laws of major upper mantle minerals. Strain rate as a function of
differential stress is shown for diopside, orthopyroxene (enstatite), and olivine under anhydrous and
water-saturated conditions at 1473 K and 300 MPa in the dislocation creep regime. The solid and
dashed red lines represent the flow laws for anhydrous and water-saturated diopside, respectively;
the former is extrapolated to CH2O = 3 ppm from Li et al. [35], and the latter is determined in this
study. Solid and dashed blue lines denote the corresponding anhydrous and water-saturated flow
laws for orthopyroxene from Zhang et al. [12]. Solid and dashed green lines indicate the anhydrous
and water-saturated flow laws for olivine, respectively, from Hirth and Kohlstedt [49]. Abbreviations:
Di, diopside; Opx, orthopyroxene; Ol, olivine.

In contrast, under water-saturated conditions, diopside becomes dramatically weaker.
At a given differential stress, water-saturated diopside plots are close to water-saturated
orthopyroxene and systematically weaker than water-saturated olivine over the stress
range shown. Water-saturated diopside exhibits the largest offset relative to its anhydrous
counterpart, about 1.5–3 orders of magnitude weakening, indicating a much stronger
sensitivity of diopside rheology to the presence of water. Our results, which are consistent
with extrapolations by Li et al. [35], indicate Cpx (diopside) is comparable in strength to
olivine under anhydrous conditions but much weaker than olivine under water-saturated
conditions at laboratorial confining pressure and temperature.

Although Cpx is not the volumetrically dominant mineral in the peridotitic upper
mantle, its mechanical role cannot be evaluated solely from modal abundance. Increas-
ing geochemical and petrological evidence indicates that the mantle commonly contains
lithological heterogeneities in which pyroxene-rich rocks are concentrated. These include
mantle pyroxenites formed by melt–rock reaction, metasomatized mantle domains en-
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riched in Cpx, and recycled oceanic crust transformed into eclogite or garnet pyroxenite
and incorporated into both lithospheric and asthenospheric mantle reservoirs [3,5]. In
subduction-zone environments, pyroxenite may also participate directly in melting and
mantle wedge dynamics [4]. In such lithologies, Cpx may constitute a substantial fraction
of the rock and thus influence the bulk mechanical behavior.

Accordingly, the flow law derived in this study is not intended to represent the
rheology of average peridotitic mantle but rather to constrain the strength of Cpx-rich
mantle heterogeneities. If these domains are water-saturated, their reduced strength
relative to surrounding olivine-rich peridotite may facilitate localized deformation and
strain partitioning in specific geological settings, such as metasomatized mantle regions,
recycled crustal bodies, and pyroxenite-bearing mantle wedges.

4.5. Limitations

The applicability of the present flow law to mantle conditions is subject to several
limitations. First, experiments were conducted at 300 MPa, significantly lower than typical
upper mantle pressures (≥1 GPa). Because hydrogen solubility in clinopyroxene increases
with pressure [44], deformation at mantle depths is expected to be weaker than predicted
by our flow law. Second, the water fugacity exponent and activation volume were not
independently calibrated due to the restricted pressure range of the Paterson gas-medium
apparatus. Consequently, the derived parameters represent apparent values applicable
to the experimental conditions and should be used cautiously when applied to mantle
P–T conditions.

5. Conclusions
We conducted a series of high-temperature deformation experiments on mantle-

derived diopside aggregates to quantify the effect of water on their rheological behavior
under water-saturated and anhydrous conditions. Mechanical data obtained in the dis-
location creep regime were fitted to a power-law flow equation. Under water-saturated
conditions, the best-fit parameters are n = 2.2 ± 0.6, Q = 442 ± 33 kJ/mol, and A = 106.9±0.5

MPa−2.2 s−1. Under the experimental stress conditions, water-saturated samples deform
approximately 1.5–3 orders of magnitude faster than anhydrous samples, demonstrating
a pronounced water-weakening effect. Notably, under water-saturated conditions, the
strength of our diopside was closely comparable to that of Sleaford Bay Cpx reported by
Chen et al. [10] at a temperature of 1473 K. Under water-saturated conditions, diopside is
significantly weaker than olivine yet exhibits strengths comparable to those of enstatite in
experimental conditions. The results in this study provide key experimental constraints on
the flow behavior of water-saturated, mantle-derived Cpx.
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Appendix A

 

Figure A1. Sketch diagram of the sample assembly used for experiments under water-saturated (top)
and anhydrous (bottom) conditions.

 

Figure A2. Example of FTIR spectral deconvolution (sample thickness normalization to 1 cm).
The broad absorption band between ~3000 and 3700 cm−1, attributed to molecular H2O along
grain boundaries, was separated from the sharp OH− bands by peak deconvolution using multiple
Gaussian components. Only the sharp absorption peak centered near ~3646 cm−1 was integrated to
determine structurally bound hydroxyl, while the broad component was excluded from water-content
calculation. A much weaker band near ~3456 cm−1 was observed in some spectra; however, its
intensity was close to the noise level and could not be reliably resolved during peak fitting. Inclusion
of this peak would introduce uncertainty larger than the signal itself. Therefore, this band was not
included in the water-content calculation, and only the well-resolved ~3646 cm−1 peak was used to
determine hydroxyl concentration.
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Figure A3. Cross-polarized light optical micrographs of hot-pressed diopside aggregates synthesized
under (a,b) anhydrous and (c,d) hydrous conditions. Straight grain boundaries are marked with
yellow arrows.

 

Figure A4. Histograms of grain size distributions in hydrous diopside (a) before deformation and
(b) after deformation. Grain size measurements were performed on the coarse-grained matrix grains
only; fine recrystallized grains along grain boundaries were excluded because they are localized and
cannot be reliably quantified using optical microscopy.
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Figure A5. Representative stress–strain curves for (a) strain-rate-stepwise experiments (DP104) and
(b) stress-stepwise experiments (DP403).
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