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Abstract 

 

The viscosity of water is a first-order constraint on the transport of material from 

a subducting plate to the mantle wedge. The viscosity of fluids that are released during 

the dehydration of hydrous minerals during subduction can vary by more than 9 orders of 

magnitude between the limits of pure liquid water and silicate melts.  Accurate 

determination of low viscosities (<1 mPa·s) for liquids at simultaneous high pressures 

(>1 GPa) and high temperatures (>373 K) is hindered by the geometry and sample size of 

high-pressure devices.  Here the viscosity of water at pressures representative of the deep 

crust and upper mantle through use of Brownian motion in the hydrothermal diamond 

anvil cell (HDAC) is reported.  By tracking the Brownian motion of 2.8 and 3.1 micron 

polystyrene spheres suspended in H2O, the viscosity of the water at high pressure and 

high temperature can be determined in situ using Einstein’s relation.  Accuracies of 3-

10% are achieved and measurements are extended to pressures relevant to fluid release 

from subducting slabs and temperatures up to 150% of the melting temperature.  

Unhampered by wall effects of previous methods, the results from this study are 

consistent with a homologous temperature dependence of water viscosity in which the 

viscosity is a function of the ratio of the temperature to the melting temperature at a given 

pressure.  Based on the homologous temperature dependence of water, transport times for 

fluids released from subducted plates inferred from geochemical proxies are too short for 
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transport via porous flow alone, and suggest transport through a combination of channel-

flow and porous flow implying hydrofracturing at 50-150 km depth. 
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Chapter 1 

 

Introduction 

 

Water in subduction zone processes plays a key role in mantle geochemistry and 

geodynamics.  Arc volcanism is attributed to ‘flux melting’ of the mantle wedge caused 

by release of H2O during dehydration reactions involving hydrous minerals at ~100 km 

depth (Fig. 1) [Schmidt and Poli, 1998]. The water released from dehydration reactions 

saturates the surrounding material, lowering the solidus temperature and melting point. 

The influx of water shifts the solidus of mantle wedge minerals to initiate buoyant partial 

melting, and therefore the formation of the overlying volcanic arc [Van Keken, 2003].  

The spatial relationship between the volcanic arc and pressure-temperature stability fields 

of constituent hydrous phases can be coupled with isotopic signatures of arc-volcanic 

rocks in order to constrain the temporal relationship between slab dehydration and melt 

transport [Turner et al., 2001; Sigmarrsson et al., 2002; Van Keken, 2003].  The majority 

of water released into the overlying mantle wedge is a result of several reactions over a 

range of pressures, temperatures, and water fugacities.  The breakdown of the hydrous 

minerals, chlorite and serpentine, occurs at ~105 km [Iwamori, 1998].  Large columns of 

the mantle are immediately hydrated because asthenospheric mantle peridotite can only 
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dissolve a few hundred parts per million water, and is associated with decrease in 

viscosity of up to a factor of 100 [Arcay et al., 2005].    

Dehydration of subducted slabs has been associated with deep-focus seismic 

activity to depths of 300 km due to brittle deformation of the slab during dehydration 

reactions [Meade and Jeanloz, 1991; Raleigh and Paterson, 1965].  In addition, fluid 

flowing through propagating dykes might serve to explain earthquakes in the deep upper 

mantle and transition zone [Richard et al., 2007].   Even though the location of seismic 

events appears to be directly related to the depth range in which hydrous minerals lose 

most of their crystallographically bound H2O, the mode and direction of fluid flow 

remains unanswered [Hacker, 2003]. 

The mechanics of water transport from the subducted slab to the mantle wedge 

are not entirely understood, as there are a number of possible mechanisms.  

Hydrofracturing may cause conduits to open and allow for the free flow of water.  Based 

on elastic fracture mechanics coupled with geological observations, Davies [1999] found 

that cracks ~1 - 20 cm wide and ~0.6 - 3 km in length may form perpendicular to the 

surface of a subducting plate at depths relevant to the dehydration of oceanic crust, 90 – 

160 km.  Channels may also be generated in the form of normal faults due to bending of 

the slab and subsequent negative pressure gradients allowing flow of fluids into the deep 

slab [Faccenda, 2009].  Petrologic constraints also show that the initial stages of fluid 

transport through the mantle directly above the slab is dominated by microcracks 
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developed by hydrofracturing during the breakdown of serpentine [Padron-Navarta et 

al., 2010]. 

 A second possibility is the porous flow of aqueous fluids along grain boundaries 

at pressures  >1 GPa if there is a decrease in the dihedral angles to <60° (the critical value 

for interconnected flow) due to an increase in silicate solubility in water with increasing 

pressure.  This reduction in the dihedral angle in the olivine-H2O system prevents 

formation of isolated pockets of fluid [Iwamori, 1998; Mibe et al., 1999].  However, fluid 

may exist in isolated interstitial pockets in eclogite between depths of 90 and 150 km 

preventing vertical flow of buoyant fluid via this process [Mibe et. al., 2003].   

Finally, chemical diffusion of hydroxyl ions through the crystal lattices of mantle 

silicates [Demouchy and Mackwell, 2003] may play a role in fluid transport under certain 

conditions. In this case, water transport is through the solid crystal or along grain 

boundaries as OH. This is a very slow material transport mechanism and flow is limited 

to sub-kilometer-scale distances. 

Geochemical evidence suggests that it may take as little as 1000-8000 years for 

aqueous fluid migration from the point of release from a subducting slab to eruption in 

arc volcanism in some subduction zones [Turner et al., 2001; Sigmarrsson et al., 2002].  

These timescales suggest a transport mechanism of either hydrofracturing or porous flow. 

Porous flow is really grain boundary transport due to the extremely low porosity likely 

found in the mantle.  Assuming each possible mechanism acts independently, predicted 
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time scales differ by more than an order of magnitude from the geochemical observations 

and from each other assuming pure water and low-pressure constraints.  Thus, the 

viscosity of the fluid is a first-order constraint on the transport mechanism of material 

from the subducted plate to the overlying mantle wedge. 

 The pressure and temperature dependence of water viscosity and the effect of 

water on mantle viscosity are therefore crucial to understanding the rheological, 

mechanical, and thermal regimes of the upper mantle.  An experimentally derived model 

of water viscosity in subduction zones is necessary to integrate geochemical and 

geodynamical models for fluid transport and melt migration mechanisms and timescales 

relevant to arc volcanism.   

The diamond anvil cell (DAC) can be used as a viscometer for fluids under 

extreme conditions [King et al., 1992].  Viscosity measurements have been made in the 

DAC on a variety of fluids including oxygen, nitrogen, carbon dioxide [Abramson, 2005, 

2008, 2009], methanol, 4:1 methanol-ethanol [Grocholski and Jeanloz, 2005], water 

[Abramson, 2007], along with solutions comprised of solvents such as tetrahydrofuran, 

chloroform, NaCl-water [Cook et al., 1992].  

Existing DAC viscometers have been limited in their ability to measure 

viscosities of fluids at simultaneous high pressures and high temperatures.  All of the 

viscosity measurements on fluids compressed in a DAC used a rolling or falling sphere 

approach [King et al., 1992] where 10-60 m spheres roll or slide along one of the 
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diamond faces of a tilted diamond cell.  The terminal velocities of falling spheres are 

calculated by recording the motion of the sphere and viscosities are determined using 

modified Stoke’s Law equations.  A wall correction is required because the falling sphere 

is affected by viscous drag from both the gasketed sample chamber and the diamond 

faces.  Accurate calculation of the wall correction coefficient poses a problem.  The 

calculation of the wall correction may not remain constant if the sphere does not have the 

same starting point and trajectory after tilting in different experimental runs [King et al., 

1992].  The wall correction is empirical and is a strong function of the radius of the 

sphere, width of the channel, and frictional drag coefficients [Schiller, 1931; Schiller, 

1932].  The commonly used Faxen correction function has been shown to over-estimate 

the viscosity of silicate melts [Kahle, 2003].  Also, a major problem with the falling and 

rolling sphere experiment is adhesiveness of the spheres to chamber walls. 

Published experimental water viscosity data at high pressure (>1 GPa) and high 

temperature (>373 K) derived by such methods are sparse at the conditions relevant to 

subduction zones (Fig. 2).  The viscosity of water has been experimentally determined up 

to 6 GPa at 573 K using a rolling ball technique in the diamond cell.  These experiments 

measured viscosities between 0.3 and 3.3 mPa·s [Abramson, 2007], or 30% to 330% of 

the ambient water viscosity.  In analogous experiments, the measured viscosities range 

from 0.1 mPa-s (N2 at 0.3 GPa and 294 K) to 4.7 mPa-s (CO2 at 8 GPa and 673 K), 

reflecting little more than an order of magnitude variation over ~400 K.  The lower limit 
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of ~0.1 mPa-s is possibly a combination of (1) difficulty in determining terminal velocity 

in a Stokes’ flow regime and (2) lack of calibration for the effects of gasket thinning (and 

therefore greater wall effects) at high pressures.  

The problems with the rolling or sliding sphere approach can be circumvented by 

using the theory of Brownian motion coupled with the hydrothermal diamond anvil cell.  

In this approach, the size of the particles is significantly smaller than used for a sliding 

sphere, and therefore subject to smaller wall effects. 

Brownian motion is the random movement of microscopic particles suspended in 

a stationary liquid.  The movement is due to molecular motions according to molecular-

kinetic theory of heat [Einstein, 1926].  The mean square displacement (MSD) of a 

particle observed in two dimensions as a function of time is:       

         t
a

Tk
tr b

6

4
)]([ 2                         (1)  

where, kb is Boltzmann’s constant, T is temperature in Kelvin, a is the radius of the 

particle, η is the viscosity of the fluid, and t is time. The viscosity of the fluid is therefore 

calculated from the mean-square displacement of the particle as a function of time. 

Brownian motion is observed through the optically transparent diamonds contained in 

both the DAC and the HDAC, then used to measure the viscosity of the fluid.  Brownian 

motion has been used to verify Einstein’s derivation of the relationship between the 
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diffusion coefficient and the viscosity of molecules dissolved in a liquid along with 

confirming Perrin’s calculations of Avogadro’s number [Newburgh et. al., 2006].   

 The objective of this study is to conduct experiments using the HDAC coupled 

with Brownian motion to measure the viscosity of pure water at simultaneous high-

pressures and high-temperatures.  The experimentally derived viscosity values can be 

used to predict the timescales of fluid transport in the mantle wedge.  Comparison of 

predicted timescales with geochemical observations can elucidate the material transport 

mechanics in subduction zones. 
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Chapter 2 

 

Methods 

 

Both a DAC and a HDAC (Fig. 3) [Bassett et al., 1993; Wilke et al., 2010]] are 

used for viscosity experiments.  The DACs contain two opposing diamonds with inner 

culet diameters of 350 μm or 500 μm.  The WC seats in the HDAC are wrapped with 

chromel heating wires then connected to a 100-240 V power supply.  The sample is 

heated from both the top and bottom by conduction of heat through the WC seats and 

diamonds which allows for even heating of the sample [Bassett et al., 1993].  The sample 

temperature is measured using K-type chromel-alumel thermocouples with a diameter of 

0.13 mm.  The thermocouples are wrapped around both diamonds.  The power supplied 

to the top and bottom heaters are controlled separately and the temperatures are 

controlled to within 5 K of each other.  Due to the extremely high thermal conductivity of 

diamond and the fact that the temperatures are essentially the same, the sample is 

assumed to be at the temperature measured by the thermocouples with a negligible 

temperature gradient. 

2.75(7) or 3.1(2) µm polystyrene microspheres with a density of 1 g/cm
3
 and a 

small Cr-doped ruby chip for pressure measurement are added to pure water and loaded 

into a diamond anvil cell (Fig. 4).  These spheres were chosen because they have a 
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density that is equal to water and are therefore neutrally buoyant.  Gaskets (stainless steel 

or rhenium) are pre-indented to thicknesses of 140-190 µm, controlling the separation of 

the diamonds. Effort is made to keep the gaskets as thick as possible to minimize wall 

drag effects caused by the diamond surfaces, while simultaneously carefully measuring 

the thickness after the experiment for monitoring and calibration.  A 260 µm diameter 

hole is drilled in the center of the pre-indention. 

The samples are compressed to pressure then resistively heated.  Pressures are 

determined based on in situ observation of the H2O liquid-solid phase transition upon 

heating and cooling coupled with room-temperature ruby fluorescence measurements 

before and after the experiments [Chijoke et al., 2005].   The sample is compressed at 

room temperature to  >1 GPa and the formation of solid H2O is verified by the lack of 

Brownian motion and the appearance of visible crystals. The temperature is increased to 

the melting point and the total pressure of the sample at the solid-liquid phase boundary 

is calculated based on the melting curves (Fig. 5) of Ice VI [Choukran et al,. 2007] and 

Ice VII [Lin et al., 2004].  The liquid-solid phase change upon cooling is observed (Fig. 

6) as an additional pressure measurement.  Thus, there are three or four constraints on the 

pressure of the sample in these experiments, depending on where the post-heating 

pressure is located in the H2O phase diagram.  
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While monitoring the gasket for shape changes upon heating, the sample is 

assumed to be a constant volume and the contribution to the total pressure of the sample 

from thermal pressure is calculated from the thermodynamic relationship [Poirer, 2000]: 

T

V

K
T

P














                      

(2)

  

where P is pressure, V is volume, α is the coefficient of volumetric thermal expansion and 

KT is the isothermal bulk modulus at 300 K.  By rewriting equation (2), the total pressure 

of the sample is approximated as: 

        TKPP Treftot             (3) 

where Ptot is the total pressure and Pref is a reference pressure (Table 1).  Pref  is the 

pressure of crystallization when observed upon cooling, as this is the best approximation 

of the pressure of the liquid sample allowing for high P-T relaxation of the sample 

assembly.  If no crystallization occurs upon cooling, then pressure from the ruby 

fluorescence after heating is used.  The melting pressure is avoided as the Pref   because of 

likely volume relaxation during the solid-liquid phase transition. Values of α and KT  are 

assumed to be 2.76 x 10
4
 K

-1
 and 2.22 GPa, respectively [Kell, 1975]. 

A Nikon CoolPix™ digital camera connected to the ocular of the microscope 

records the particle motion in the HDAC with a total magnification from the microscope 

and camera of ~300-600X.  Brownian motion of the polystyrene spheres is digitally 
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recorded for 40 seconds at a rate of 15 frames/second and a resolution of 1-2 

pixels/micron.  The video is then analyzed using a particle tracking velocimetry (PTV) 

program written in MATLAB [Grant, 1997]. While the water is in the liquid phase, 

Brownian motion of the polystyrene microspheres is observed during all of the 

experimental runs.  The random movement of the spheres is observed visually by looking 

through the microscope and subsequently verified by particle tracking analysis.  If there 

is not preferential displacement of all of the particles in the same direction over the time 

scales of the experiment, the random walk of a particle’s trajectory (Fig. 7) confirms that 

the only forces acting on the particle is the force of the surrounding water.  If a particle 

appears to be moving due to forces other than those of the surrounding fluid then the 

particle is not used in the viscosity calculations.   Forces acting on the particles other than 

the molecular forces of the water can be caused by pressure gradients, particle-particle 

interaction, or interaction with the sample chamber wall.  If the particle adheres to one of 

the diamond faces, the Brownian motion ceases.  However, these particles generally are 

out of focus and therefore are not analyzed. 

The PTV program tracks the position of the particle at every frame by 

maximizing the cross-correlation of color values between frames and assigns a distance 

value proportional to the pixel dimension (dpix) which varies with differing camera 

magnification between experiments. The pixel dimensions in microns are calibrated using 

meshes with 120 and 150 wires/inch.   
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Einstein [1926] showed that the mean displacement in the x-direction of a particle 

suspended in a fluid is related to the diffusion coefficient by: 

Dtrx 2              (4) 

where D is the diffusion coefficient. At ambient conditions, a particle is displaced a 

distance on the order of the particle’s diameter during a time of 1 s, assuming a fluid with 

a viscosity such as that of water.  This prediction is consistent with the room temperature 

observations in this study.  Equation (4) is rewritten to include the displacement in 2 

dimensions such that: 

    Dtrxy 4                 (5) 

Equation (5) is rewritten in the form of equation (1) and holds true as long as the time 

steps are greater than 10
-7 

s and the size of the spherical solute is much greater than the 

size of the solvent molecules:  the experiments conducted in this study conform to these 

criteria. The path length r, on average, is the same for both dimensions and for all 

particles in suspension therefore, a weighted average of the single particle slopes is used 

to calculate the viscosity of water.  Equation (5) is based on a two dimensional projection 

of a three dimensional process thus the three dimensional effects in our experiments are 

justifiably neglected. 

By summing the squares of the vector distances at each time step, the MSD is 

calculated by: 
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                 })]()([)]()({[()]([ 222 tytytxtxtr               (6) 

where x and y are the vector positions projected in 2 dimensions and τ is the time interval 

between frames. The viscosity is calculated from equation (1) with the slope of the line 

<r
2
> as a function of t.  Multiple particles are tracked during each analysis and the fluid 

viscosity is calculated using the weighted mean of single particle slopes.   

Brownian motion of colloidal spheres is influenced by hydrodynamic drag caused 

by parallel and cylindrical walls [Dufresne et al. 1997; Mukai et al., 2006].  DAC 

experiments are conducted at 291 K and 0.1 MPa to calibrate the effects of wall drag due 

to the diamond surfaces and gasket walls.  The apparent viscosity of the water as a 

function of gasket thickness and gasket hole circumference is used to quantify the wall 

effects (eqn. 7; Fig. 8).   Apparent viscosity asymptotically approaches the infinite-

thickness value at ~ 250 μm (Fig. 8).  Therefore, all high-pressure, high-temperature 

experiments are performed with 260 μm gasket holes to avoid wall effects from the 

gasketting, and correcting based on the calibration as a function of gasket thickness only.  

The deviation of the apparent viscosity from the true viscosity (Fig. 8) is assumed to have 

the functional form: 

             
D

A
a p p  )log()log( 0                    (7) 

where ηapp is the apparent viscosity calculated from the measured diffusion coefficient, η0  
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is the true viscosity at infinite distance from a wall, A is an empirically derived constant, 

and D is the smallest spacing between walls, either the gasket thickness or sample 

chamber diameter. The errors used in the weighted fit according to equation (7) are based 

on the weighted average of the viscosities calculated from single particles.  The fitting 

parameters using equation (7) are η0 = 1.054 mPa·s (fixed) and A=11(2) μm.  The fitting 

parameter η0 is based on the viscosity at an infinite distance from a wall and is thus fixed 

to the true water viscosity reported by Aleksandrov and Trakhtengerts [1976] and the 

derived correction is applied to all of the measured apparent viscosities. The D value used 

in the corrections is based on gasket thickness after cooling and decompression.  Effort is 

made to analyze particles >4a from neighboring particles (Fig. 9) in order to minimize 

the influence of interacting spheres [Crocker, 1997].   

The temperature dependence of fluid viscosity is approximated by an exponential 

relationship,                                                                                                                                                               

             
 

bTe 0                         (8)   

where η is the viscosity, T is temperature, η0 which represents the viscosity at 0 K with 

units of Pa·s, and b is an empirically derived constant that is related to the activation 

enthalpy.  Equation (8) is rewritten to include the effects of pressure as: 

        

mT

gT

e



 0                                                  (9) 
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where Tm is the melting temperature and g is an empirically derived constant.  The 

relationship predicts a constant viscosity for a constant ratio of the temperature to the 

melting temperature, T/Tm.  Many material properties dependent on activation processes 

vary according to the melting temperature when there is no significant structural change 

in the liquid [Terasaki et al., 2004].  The homologous temperature relationship is based in 

the assumption that the activation volume and energy scales with the melting temperature 

in solids and liquid metals [Poirier, 1988, 2000]. 
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Chapter 3 

 

Results 

 

The viscosity of pure water was measured to 2.8 GPa and 523 K in an HDAC 

using the Brownian motion method to constrain the mechanism by which fluid flows 

through porous media.  The determined viscosities overestimate the viscosity by less than 

10% at ambient pressure and temperature.  The ~10% misfit likely arises from viscous 

drag caused by a many-particle system or an underestimate of the combined drag effects 

of the diamond faces coupled with the effects of the sample chamber wall, and represents 

a remaining inherent uncertainty in the measurements based on this method. 

 At 2.8 GPa and 523 K the apparent viscosity varies between 0.2-0.41 mPa·s for 

different particles (Fig. 10).  A weighted average of the single particle, mean-squared 

displacements yield a viscosity of 0.32(8) mPa·s.    

 Viscosity is a secondary thermodynamic property and therefore varies with 

pressure and temperature.  After correcting for the effects of wall drag, the results show 

values for viscosity that range from 2(2) mPa·s at 292 K and 590 MPa to 0.13(5) mPa·s at 

473 K and 1.57 GPa (Fig. 11). The dominant control of viscosity is temperature, as it has 

a much greater effect on the viscosity than pressure (Fig. 12). A decrease in viscosity 

from 0.2(1) mPa s to 0.13(5) mPa·s is observed with a temperature increase from 373 K 
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to 473 K at 1.5 GPa.  An initial decrease in room-temperature viscosity to 0.6(2) mPa·s 

when compressing the sample at room temperature to 207 MPa relative to ambient 

pressure viscosity of 1 mPa·s, is followed by an increase in viscosity to 2(2) mPa·s after 

further compression to 590 MPa (Fig. 13).   This behavior is a consequence of the low-

pressure and temperature fluid structure variations responsible for many of the unique 

thermodynamic properties of water.  At high pressures and high temperatures, however, 

H2O is unlikely to undergo such dramatic structure fluctuations.    

      The data are consistent with an Arrhenius model for viscosity (eqn. 9; Fig. 14) 

for T/Tm between 1.07 and 1.54 with a best-fit η0 = 2(2) Pa·s and g=7(1) which is related 

to the activation enthalpy.    
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Chapter 4 

 

Discussion 

 

4.1  Viscosity as a Function of P and T 

The results from this study show clear pressure dependence at ambient 

temperature consistent with the decrease observed by Bett and Cappi [1965].  While the 

viscosity values derived from this study are all within 0.6 log units of the values of 

Abramson [2007], the Abramson [2007] data show a pressure dependent viscosity 

increase at higher temperatures and in the stability field of Ice VI and Ice VII.  The 

rolling sphere method that was used in the Abramson [2007] study may be inaccurate 

when measuring low viscosities due to the rapid time over which the sphere traverses the 

sample chamber compounded by wall effects.  At elevated temperatures, the method used 

in this study produces lower viscosities as compared to previously published values (Fig. 

11; Fig. 14).  The study published by Dudziak and Frank [1966] was conducted at 

relatively low pressures (<1 GPa) using an oscillating disc viscometer that may be 

influenced by large wall effects [Newell, 1959].  Also, previous studies that use a 

capillary-type viscometer can be subject to changes from laminar to turbulent flow which 

results in higher measured viscosities [Nagashima and Tanishita, 1969]. Due to the size 

of the particles relative to the size of the sample chamber, the Brownian motion method 
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should be more sensitive to lower viscosities due to the decreased effect of wall drag.  

This reasoning explains why the previous studies show a deviation from a homologous 

temperature relationship and why the method of Brownian motion observation results in 

viscosities that confirm the homologous temperature dependence of water over the 

pressure and temperature range of this study.  

 Previous studies show that water viscosity deviates from both fixed-activation 

energy and fixed-activation volume Arrhenius models as well as the Doolittle and Vogel-

Fulcher-Tammann (VFT) fitting equations [Abramson, 2007].   The VFT is suited for 

liquids as they approach the glass transition [Garcia-Colin et al., 1989] and the free-

volume models reproduce data for inorganic and organic glasses over a wide range of 

temperatures down to the glass-transition [Courtney, 2005].  An analogous experiment 

also by Abramson [2009] on supercritical carbon dioxide shows a viscosity-temperature-

density relationship that is better described by a modified free-volume equation. The 

Doolittle and VFT are based on the free-volume model.   The free volume model is based 

on the concept that in a fluid of hard spheres, statistical redistribution of the free-volume 

allows the structure to open up sufficiently for diffusion to occur [Cohen and Turnbull, 

1959].  The free-volume concept can also be thought of as the separation of molecules 

whereas the resistance of molecules to flow, viscosity, past one another is dependent on 

this intermolecular separation [Doolittle, 1952]. However, at ambient conditions, water is 

a complex polymerization of H2O molecules, but the diffusion and transport properties of 
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water are more similar to a non-associated, unpolymerized liquid [Sciortino et al., 1991].  

Therefore, the Doolittle equation is more accurate at fitting data than for extrapolation or 

interpolation [Doolittle and Doolittle, 1957] and a better model that can account for the 

pressure and temperature dependence of viscosity is needed to allow for extrapolation to 

subduction zone conditions. 

The IAPWS equations for pure water are only valid to pressures of 1 GPa and are 

not suited for other pressures [Huber et al, 2009].  Also, the IAPWS is based on global 

fits of experimental data and thus may also be influenced by experimental error caused by 

wall effects.   

When the results presented in this study are normalized to the high pressure 

melting temperature calculated from the equations of Choukron and Grasset [2007] and 

Lin et al. [2004] (Fig. 14), the results are comparable to experiments conducted at 0.1 

MPa up to the boiling point [Aleksandrov and Trakhtengerts, 1976] and are therefore 

consistent with a homologous temperature relationship.  Fitting the 0.1 MPa data of 

Aleksandrov and Trakhtengerts [1976] using equation (9) yields values of η0 = 0.50(5) 

and g=5.7(1). These values are consistent within experimental uncertainty to values of η0 

= 2(2) Pa·s and g=7(1) determined in these high-pressure experiments.   

Even though the data are in agreement with previous experiments at low 

homologous temperatures, T/Tm > 1.5 needs to be considered to discuss subduction zone 

processes.  The higher exponential constant determined from these results, therefore, 
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predict lower viscosities at higher homologous temperatures than the 0.1 MPa model. The 

resulting homologous temperature models, however, do not fit previous experimental 

data [Dudziak and Frank, 1966; Abramson, 2007]  at high values of T/Tm. (Fig. 14)  

Furthermore, comparable experiments on nitrogen and carbon dioxide in the supercritical 

state also show a deviation from the homologous temperature relationship [Abramson, 

2008; Abramson, 2009].  The asymptotic behavior of water (and CO2 and N2) viscosity at 

high homologous temperatures is likely due to the difficulty in measuring very low 

viscosities (< 10
4
 Pa·s) with the sliding sphere method.  

The Brownian motion approach is therefore more suitable to the sample size of 

the diamond anvil cell allowing for measurement of lower viscosities in order to elucidate 

the transport properties of water in subduction zones.  Even though the Brownian motion 

method in the DAC reduces the effect of wall drag, there are other uncertainties that need 

to be taken into account.  A 7% uncertainty in the pixel dimension (Table 2) can result in 

a 33% uncertainty in the viscosity calculated from tracking one particle for 20 seconds in 

a low (<10
-4

 Pa·s) viscosity fluid.  Uncertainty in the radius of the particle contributes a 

~3% uncertainty in the measured apparent viscosity assuming that the radius of the 

particle does not change significantly during the experiment.  The particle size does not 

change within the resolution of the image in our experiments. The temperature 

measurements contribute much less than 1% to uncertainty in viscosity, however the 

temperature at which the phase change occurs results in a ~5% uncertainty in the 
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homologous temperature.  The wall correction calibration uncertainty contributes another 

18% to the uncertainty in the calculated viscosity.  Greater accuracy arises by tracking 

more particles per sample.  However, the concentration of particles in suspension also 

plays an important role, as there appears to be an optimal concentration of ~10-20 

particles in the focal plane.  With too many particles, the particle—particle interaction 

will lead to bias overestimating viscosity.  If the number of particles is too small, then 

there are fewer particles to provide a reasonable average. 

4.2 Implications for Subduction 

Water released at ~100 km depth is firmly in the supercritical field, more than 2 

log units past the critical pressure and temperatures up to a factor of 2 past the critical 

temperature.  There is uncertainty in extrapolating measurements made on liquid water to 

the properties of supercritical H2O.  Above the critical point, water behaves as a 

supercritical fluid.  The viscosity of a gas tends to increase with increasing temperature 

and tends to decrease for liquids.  The material properties of a supercritical fluid are 

somewhere between that of a gas and a liquid and therefore diverge asymptotically at the 

critical point.  The divergence at the critical point is associated with large density 

fluctuations [Huber et al., 2009].  At the critical point, T=647.096 K and P=22.064 MPa, 

a fluid has infinite viscosity [Huber et al., 2009] because of macroscopic density 

fluctuations leading to theoretically infinite compressibility.  Such large fluctuations in 

the density of water will alter the strength and type of  hydrogen bonding and therefore 
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affect the compressibility of the fluid.  Fluctuations in compressibility near the critical 

point may cause viscosity fluctuations at the critical point and asymptotic behavior.  

However, these large fluctuations are only significant near the critical point.  The fluids 

released during slab dehydration should be far enough beyond the critical point to 

maintain a stable structure and therefore the viscosity should conform to a homologous 

temperature model.   

Hydrofracturing models predict much less than 1 year for the fluid to be 

transported out of the slab and into the mantle wedge assuming the viscosity of pure 

water at ambient conditions. Alternatively, porous flow of fluids through the mantle 

wedge would require more than 2 x 10
10

 years if a pure water viscosity of 100µPa·s is 

assumed based on low pressure, high temperature behavior [Dudziak and Franck, 1966].  

Experimental diffusion coefficients for olivine yield timescales of 10
6
 years for transport 

over distances of ~10-60 m via lattice or grain boundary diffusion, respectively 

[Demouchy and Mackwell, 2006; Kohlstedt and Mackwell, 1998; Demouchy, 2010] 

assuming reasonable grain sizes.  If the mantle wedge olivine is saturated with water due 

to dehydration reactions then the transport of hydrogen via grain-boundary diffusive flow 

can be significant with timescales of 10
6
 years for a lengthscale of 4 km [Demouchy, 

2010]. 

  Based on the homologous temperature model presented here, the viscosity of 

pure water will decrease by more than 4 log units when heated to 1273 K and compressed 
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to 3.6 GPa (Fig. 15), assuming the homologous temperature relationship holds into the 

supercritical stability field.  Because the supercritical field will likely have a higher 

viscosity, the homologous model is a firm lower bound for the viscosity of water released 

from a subducted slab.  Due to the corrosive behavior of supercritical water, aqueous 

fluids released from slabs are likely highly enriched in silica incorporated from mantle 

rock. 80 wt% dissolved silica has been shown to increase the viscosity of pure water by 5 

orders of magnitude at 1073 K [Audetat and Keppler, 2004].  In an attempt to reconcile 

the rapid ascent rates of material from the slab to the surface that are suggested from 

geochemical data, end member constraints of pure water and an aqueous fluid with 80% 

dissolved silicate for both a cold and hot slab thermal regime, 673 K and 1273 K at 115 

km depth [Kincaid and Sacks, 1997] encapsulate the range of viscosities for all relevant 

conditions. 

 One can express the velocity of a fluid flowing vertically through porous media 

[Turcotte and Schubert, 2002] as: 

    










 g

dy

dpk
v 


           (10) 

where v is the fluid velocity, k is the permeability of the mantle rock, η is the viscosity of 

the fluid, dp/dy is the pressure gradient due to self-compression of mantle rock, g is the 

acceleration due to gravity and ρ is the density of the fluid.  Assuming that mantle rock is 

extremely impervious, we can use k=10
-21

 m
2
 along with dp/dy of 30 MPa/km 
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[Dziewonski and Anderson, 1981] and a liquid density of 1.4 x 10
3
 kg/m

3
 [Wiryana et al., 

1998]. Based on these calculations, it will take 20,000 years for pure water to travel just 1 

m from a cold slab.  Pure water released from a hot slab will ascend via porous flow 

much more rapidly but will still take 10
7
 years to travel 50 km into the mantle wedge.  If 

one considers the effect of tortuosity then the transport time will be even slower resulting 

in a further deviation from the geochemical observations. 

 Fluid flow through cracks can be modeled as [Philpotts, 1990]  

                          2

12

1
Wv rf 





                      (12) 

where v is the average flow velocity, ρf is the density of the fluid, ρr is the density of the 

rock, and W is the width of the crack. Assuming a crack width of 0.01m-0.2m [[Davies, 

1999], then the flow rates of pure water with the appropriate cold-slab water viscosity are 

~1.7 km/s for a 10mm wide crack and >600 km/s for a 200 mm wide crack, both of 

which are physically unreasonable.  These velocities are based on the assumption the 

flow is purely laminar.  Pure water flowing from a cold-slab through a crack 10 mm wide 

will travel 50 km into the mantle wedge in less than 1 minute.  The velocities of pure 

water, based on these calculations, flowing from a hot slab are in even higher.  These 

velocities are based on the assumption the flow is purely laminar.  These unreasonably, 

high velocities show that flow of water in the mantle wedge must be turbulent and thus 

subject to friction from surface roughness.  Also, these extremely high flow velocities 
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show that the cracks formed during dehydration of subducted slabs must be much less 

than 10mm in width and fluid may by flowing through a large number of microcracks 

with very small apertures as opposed to larger channels.  The flow velocities through a 

crack are highly dependent on the crack width.  Decreasing the crack width by 2 orders of 

magnitude will decrease the velocity by 4 orders of magnitude which will yield more 

reasonable, yet still rapid timescales.  The rapid timescales associated with 

hydrofracturing due to the expected decrease in the viscosity of water is consistent with 

the rapid transport of material from the subducted plate to the surface inferred from 

geochemical observations. 

However, we need to consider the effect of silicate dissolution due to the 

supercritical behavior of water at these conditions.  At 1073 K, Audetat and Keppler 

[2004] found that for 80 wt% dissolved silica the viscosity increases by 5 orders of 

magnitude from that of pure water.  If the viscosities predicted from the homologous 

temperature relationship are increased by this amount, then it would take less than 9 

hours for the fluid released from a hot slab to flow 50 km through 10 mm wide cracks 

and induce partial melting.  If flow of silica-rich aqueous fluids from a cold slab is the 

dominant mechanism of transport, then it will take less than ~ 3 months for fluid to reach 

the surface.  

The results from this study are consistent with geochemical observations.  Slab 

dehydration can produce H2O-saturated fluids with low viscosities that are rapidly 



27 
 

transported to the mantle-melting source region within the available timescales predicted 

from geochemical observations.  Additional time needed to reconcile the geochemical 

observations can be accounted for by the time needed for ascent of the H2O-saturated 

mantle, melting of the mantle and segregation of the melt, ascent of the melt, storage in a 

crustal chamber, and finally eruption at the surface. 

A decrease in pure water viscosity of more than two orders of magnitude at high 

pressures and high temperatures may support the hypothesis set forth by Petford et al., 

[2008].  Their model of melt transport in the overlying mantle wedge is a combination of 

initial porous flow followed by flow through dilating channels.  This two stage flow is 

needed to account for the timescales associated with the 
226

Ra-
210

Pb disequilibria. The 

rate of fluid flow via percolation through porous media is dependent upon the viscosity 

(eqn. 10).  These new results from this study show that the viscosity of water, a crucial 

component in estimating melt viscosities in the mantle wedge, is not constant over a wide 

range of homologous temperatures.   The experimental values of water viscosity at high 

pressures and high temperatures from this study may be extrapolated to subduction zone 

conditions and potentially be used in more robust geodynamic models that account for 

the complex thermal structure and kilometer-scale thermal gradients found in the mantle 

wedge.  The models can then verify a combination of hydrofracturing and porous flow 

along with the role of diffusion in what is likely multi-stage, multi-phase flow to allow 

for a better comparison with the geochemical observations. 
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Chapter 5 

 

Conclusions 

 

A new method for measuring the viscosity of fluids in the hydrothermal diamond 

anvil cell has been developed.  The method of Brownian motion observation reduces the 

effect of viscous wall drag and is more suitable for the small samples used in high-

pressure experiments.  Using Brownian motion, viscosities of water lower than previous 

diamond anvil cell experiments were measured.  The results confirm a homologous 

temperature dependence of water viscosity up to T/Tm=1.5.  This homologous 

temperature relationship coupled with assumptions about the effect of silica can be used 

to approximate the viscosity of subducted slab-derived fluids.  Enrichment of silica has 

more of an effect on viscosity than temperature at subduction zone conditions.  Based on 

these predictions, flow through microcracks produced by hydrofractruing can account for 

the rapid material transport times in subduction zones.  In order to explain geochemical 

data, a combination of porous flow with flow through cracks or channels is likely 

necessary. 
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Appendix A:  Tables and Figures 

 

 

Experiment 

No. 

Pre-

heat P 

(GPa) 

Pm 

(GPa) 

Pc 

(GPa) 

Post-

heat P 

(GPa) 

T 

(K) 

Pref 

(GPa) ΔT 
Pth 

(GPa) 

Ptot 

(GPa) 

3529 6.66 3.98 2.76 3.14 523 2.76 110 0.07 2.83 

3539 1.38 2.03 1.48 1.39 373 1.48 47 0.03 1.51 

3540 1.38 2.03 1.48 1.39 423 1.48 97 0.06 1.54 

3541 1.38 2.03 1.48 1.39 473 1.48 137 0.09 1.57 

3575 2.38 3.15 n.a. 0.92 463 0.92 170 0.1 1.02 

3627 2.63 2.2 n.a. 0.4 100 0.4 81 0.05 0.45 

 

Table 1:  Pressure and temperature conditions for all of the high-temperature 

experiments.  The pre-heat and post-heat P values were obtained using the ruby 

fluorescence method at room temperature [Chijoke et al., 2005].  Pm and Pc are the 

inferred pressures of melting and crystallization upon heating and cooling and based on 

the melting curves of H2O [Choukroun and Grasset, 2007; Lin et al., 2004; Figure 3].  T 

is the temperature at which the viscosity measurement was made and Pth is contribution 

from thermal pressure at ΔT above Pref  such that the total pressure of the experiment is 

inferred as Ptot.  If the liquid-solid phase transition was not observed upon cooling, Pc is 

listed as not available (n.a.). 
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Experiment 

No. 
P (GPa) T (K) t (s) Particles dpix (μm) 

Thickness 

(μm) 

3383 0.12 294 30.1 6 0.9(0.2) 140 

3384 0.26 294 30.1 2 0.9(0.2) 140 

3385 0.21 294 30.1 6 0.9(0.2) 140 

3386 0.23 294 30.1 6 0.9(0.2) 140 

3529 2.83 523 29.7 6 0.57(5) 30 

3539 1.51 373 20.3 5 0.59(4) 59 

3540 1.54 423 28.6 5 0.59(4) 59 

3541 1.57 473 21.3 5 0.59(4) 59 

3575 1.02 463 19.5 5 0.59(3) 83 

3623 0.25 292 40 6 0.61(4) 40 

3624 0.59 292 40 6 0.61(4) 30 

3627 0.45 373 40 6 0.61(4) 30 

 

Table 2: Experimental conditions for all experiments conducted above ambient pressure 

and temperature.  P and T are the pressure and temperature respectively at the time of 

viscosity measurement, t is the time in seconds of the video analyzed for MSD, and dpix 

is the pixel dimension reflecting variations in camera magnification between 

experiments.  The thickness of the gasket for the viscosity measurements and the number 

of particles tracked during each experiment are also listed.  The uncertainty in dpix is 1σ. 

 

 

 

 



37 
 

 

Figure 1:  Cross-section of a subduction zone adapted from Schmidt and Poli [1998].  

Dehydration of hydrous minerals (blue arrows) contained in the dense oceanic crust 

(white) below continental crust (brown) leads to partial melting (reddish-yellow) of the 

mantle wedge which buoyantly rises (red arrows) to the surface leading to arc volcanoes 

(black triangles).  
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Figure 2:  Pressures and temperatures of available experimentally derived pure water 

viscosity data relevant to subduction zones. Open black squares are data from Abramson 

[2007], open purple circles are from Dudziak and Frank [1966] and green diamonds are 

data from this study.   The light green circle represents the solid-liquid-vapor triple point 

of water and the blue square is the critical point of water.  Solid lines represent the range 

of P-T paths for subducting slabs [Kincaid and Sacks, 1997] for young and fast slabs 

(red) and old and slow slabs (blue) and the melting curve of water (gray) [Choukroun and 

Grasset, 2007; Lin et. al., 2004] 
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Figure 3: Schematic cross-section of the HDAC.  The sample (labeled) is contained in a 

metal gasket (dark gray) and compressed uniaxially by applying a force to the top and 

bottom diamond anvils (labeled).  The diamond anvils rest on tungsten carbide seats 

(black).  The sample is heated from the top and bottom using chromel heating wires 

(labeled) wrapped around the WC seats.  Temperature is measured using K-type chromel-

alumel thermocouples (labeled) which are wrapped around both the top and bottom 

anvils.  The diamonds are secured to the seat and the thermocouples are secured around 

the diamonds using alumina cement (light gray). 
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Figure 4:  Schematic cross-section of the sample contained in the DAC.  Gray represents 

the metal gasket, light blue represents the diamond anvils, dark blue is H2O, red 

represents the Cr-doped ruby chip for pressure measurements, and small black circles are 

the polystyrene microspheres.  
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Figure 5:    Diagram showing the melting curve of the ice phases relevant to the 

pressures and temperatures of this study.  The Ice 1h, Ice 3, Ice 5, and Ice 6 curves were 

calculated from a thermodynamic model [Choukroun and Grasset, 2007].  The Ice VII 

curve was calculated from experimental melting data [Lin et. al., 2004].    
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Figure 6:  HDAC loaded with water-polystyrene sphere suspension and a ruby.  At the 

end of the experiment, the water has frozen upon cooling forming ice crystals.  

Crystallization occurred at 413 K which corresponds to a pressure along the melting 

curve of 2.8 GPa and is consistent with a post-heating ruby pressure of 3.1 GPa. These 

pressures suggest the formation of Ice-VII (labeled).  
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Figure 7:  A comparison of the vector positions of a polystyrene sphere suspended in 

water within a HDAC at 0.4 GPa and 373 K. Position of the particle was generated by an 

automated particle-tracking velocimetry MATLAB program.   
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Figure 8:  The effect of gasket thickness and gasket circumference shows that edge 

effects do not significantly affect the measurement for gasket dimensions greater than 

~250 μm.  For gasket thicknesses less than this, a correction is made to account for wall 

effects.  The solid blue line is taken to be the true viscosity [Aleksandrov and 

Trakhtengerts, 1976].  The solid red line is a fit weighted according to the uncertainties in 

viscosity measurements.   
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Figure 9:  Frame 1 of the digitally recorded video used for the particle tracking routine.  

The sample was compressed to 0.2 GPa at 294 K.  The red circles highlight those 

particles tracked used for viscosity measurements.  These particles exhibited Brownian 

motion and were not observed to approach other particles throughout the measurement.   
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Figure 10:  MSD as a function of time for 6 individual particles suspended in water at 

2.8 GPa and 523 K. The maximum and minimum viscosities inferred from individual 

particles, ηmax and ηmin respectively are labeled.  
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Figure 11:  Viscosity as a function of pressure of experimental data from this study 

compared with published experimental data [Abramson, 2007].  The viscosity values 

from this study represent the average value of the single particle viscosities weighted 

according to the uncertainties in the slopes.  The error bars represent 1 standard deviation.  
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Figure 12:  MSD as a function of time for the range of conditions covered in this study.  

The <r
2
> values are averages of single particle MSDs. 
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Figure 13:  Viscosity as a function of pressure of experimental data from this study. The 

viscosity values represent the average value of the single particle viscosities weighted 

according to the uncertainties in the slopes.  The error bars represent 1 standard deviation.  
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Figure 14: Viscosity data plotted as a function of homologous temperature. Black 

squares are data from Abramson [2007], purple squares are from Dudziak and Frank 

[1966], and green diamonds are data from this study.  The red line is a fit to the 0.1 MPa 

data of Aleksandrov and Trakhtengerts [1976] and the black line is a weighted fit to the 

data from this study using Equation (7). The high-pressure melting temperatures are 

based on the thermodynamic model by Choukroun and Grasset [2007] and the 

experimental data of Lin et al [2004].  
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Figure 15:  Viscosity of pure water at 115 km depth (3.6 GPa) as a function of 

temperature.  The difference in viscosity of pure water as released from a cold slab and 

from a hot slab is a >6000 fold decrease.  This difference is >1500% less than the effect 

of composition on water viscosity (Keppler et al., 2004) such that the dominant factor in 

fluid viscosity at 115 km depth is composition.   

 

 

 

 


