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ABSTRACT  

The Mie-Grüneisen formalism is used to fit a Birch-Murnaghan equation of state 

to high-temperature (T), high-pressure (P) x-ray diffraction unit-cell volume (V) 

measurements on synthetic goethite (α-FeOOH) to combined conditions of T = 23-250o C 

and P = 0-29.4 GPa.  We find the zero-pressure thermal expansion coefficient of goethite 

to be α0 = 2.3 (± 0.6) ×10-5K-1 over this temperature range. Our data yield zero-pressure 

compressional parameters: V0 = 138.75 (± 0.02) Å3, bulk modulus K0 = 140.3 (± 3.7) 

GPa, pressure derivative K0’  = 4.6 (± 0.4), Grüneisen parameter γ0 = 0.91 (± 0.07), and 

Debye temperature Θ0 = 740 (± 5) K.  We identify decomposition conditions for 2α-

FeOOH � α-Fe2O3 + H2O at 1 – 8 GPa and 100 – 400o C, and the polymorphic transition 

from α-FeOOH (Pbnm) to ε-FeOOH (P21mn).  The non-quenchable, high-pressure ε-

FeOOH phase P-V data are fitted to a second-order (Birch) equation of state yielding, K0 

= 158 (± 5) GPa and V0 = 66.3 (± 0.5) Å3. 

Keywords: GOETHITE, XRD DATA, DIAMOND ANVIL CELL, COMPRESSIBILITY 

MEASURESMENTS 
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INTRODUCTION  

Goethite, hematite (α-Fe2O3), maghemite (γ-Fe2O3), and lepidocrocrite (γ-

FeOOH) represent the majority of crystalline ferric oxides and oxyhydroxides at Earth’s 

surface.  These minerals are abundant in soils, banded iron formations, iron ores and 

hydrothermal deposits. Understanding the stability and properties of simple hydroxides at 

high pressures and temperatures offers an important first step toward quantifying more 

complex hydrogen-bearing compounds relevant to the Earth’s interior (e.g., Williams and 

Hemley 2001). We focus on iron-oxy-hydroxide because Fe is a major chemical 

component of the deep Earth, with valence (hence chemical-bonding properties) 

dependent on pressure. Also, goethite and hematite have been identified on the surface of 

Mars (Morris et al. 2004).  The nature and properties of iron oxides and oxyhydroxides 

are therefore relevant to geochemistry, mineralogy and planetary science.   

Thermodynamic properties and particle-size effects have been studied extensively 

for the goethite-hematite reaction (Langmuir 1971; Majzlan et al. 2003a; Majzlan et al. 

2003b). Only recently was a detailed structural analysis of a natural crystal of goethite 

performed at ambient conditions, including anisotropic atomic-displacement parameters 

(Yang et al. 2006).  Several investigations of the structural behavior of goethite at 

different conditions have been completed: Voigt and Will (1981) up to 10 GPa and 500o 

C; Gualtieri and Venturelli (1999) to 800o C at zero pressure; and Nagi et al. (2003) to 

24.5 GPa at room temperature.  Using routine high-pressure techniques, we present a 

pressure-temperature phase diagram and derive basic thermodynamic parameters for 

goethite.   

EXPERIMENTAL PROCEDURE  
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A Bragg-(G) diamond cell (Diacell Products Ltd.), including diamonds with 200 

µm culets and tungsten carbide backing plates, was resistively heated using a circular, 

internal heater with coils of Pt-30% Rh wire threaded in a pyrophyllite ring. A Chromel-

Alumel thermocouple was in contact with the diamond to allow temperature 

measurements, while a West 6100 three-term controller was used to maintain the cell at 

constant temperature.  The temperature was held constant to within one degree, but 

ambiguities in the placement of the thermocouple on the diamond facet, throughout 

repeated compression and decompression, resulted in an overall uncertainty of ± 10% in 

temperature as calculated from a two-thermocouple calibration (Ming et al. 1983). Our 

calibration consisted of two thermocouples, one between the diamond culets (TC1) and 

one where the distance of the thermocouple from the diamond facet varied (TC2).  A 

calibration curve was established between TC1 and TC2, with the spread in TC2 values 

for a given temperature, due to position changes, providing an estimate of the uncertainty.  

During the actual experiment, only TC2 is used at elevated pressures, but from the 

calibration curve we can relate this back to a temperature measured at the location of the 

sample between the diamonds.  It should be noted that we tried to mitigate the movement 

of TC2 by adhering it to a diamond facet at the start of the experiment.  However, over 

the course of increasing and decreasing pressure and simultaneous heating, the DAC 

components shift – and in many cases, when we completed the experiment and opened 

the DAC, TC2 was no longer in that same initial position.  We consider this fact when 

reporting temperatures. Rhenium gaskets were pre-indented to a thickness of 50 µm, and 

a hole of 125 µm served as the pressure chamber.  Angle-dispersive powder-diffraction 

measurements were made on beamlines 11.3.1 and 12.2.2 at the Advanced Light Source.  
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On beamline 11.3.1 we used 0.730 Å x-rays with a beam-spot size of 100 µm x 100 µm 

and a Bruker CCD detector.  Data acquisition times of 10-30 minutes were found to be 

sufficient to give data having adequate counting statistics.  On beamline 12.2.2 (Kunz et 

al. 2005), patterns were collected using 0.414 - 0.497 Å x-rays and a beam-spot size of 50 

µm x 50 µm with a MAR345 Image Plate.  Data acquisition times of 30 minutes were 

found to be adequate.  We first collected a set of high-pressure data at ambient 

temperature on a sample of finely ground synthetic goethite (courtesy of R. Morris, 

NASA, Johnson Space Center) and gold mixed 7:1 by weight and using non-dried 4:1 

methanol-ethanol as the pressure transmitting fluid, similar to Nagi et al. (2003).  

Methanol-ethanol was also used at high temperatures.   Ruby (Mao et al. 1978), NaCl 

(Birch 1986) and gold (Shim et al. 2002) were used as internal pressure standards for 

ambient-temperature compression, and only gold for the high-temperature runs. 

Data were collected up to 29.4 GPa at ambient temperature and up to 21 GPa at 

temperatures of 100-400o C, on compression and decompression along isotherms in 50 oC 

increments.  To remain mostly in the stability field of goethite, we followed the 

dehydration boundary presented in Majzlan et al. (2003b).  Once a target pressure-

temperature condition was achieved, the sample would stay at that condition for 30 

minutes or less, depending on whether a CCD or image plate was used to record the 

pattern. Two-dimensional diffraction images were reduced to one-dimensional patterns 

using the FIT2D program (Hammersley et al. 1996). Goethite (α-FeOOH) (Fig. 1a), and 

the high-pressure ε-FeOOH phase (Fig. 1b) were modeled using orthorhombic space 

groups Pbnm and P21mn, respectively. The unit-cell parameters of each FeOOH phase 

and the pressure calibrant were determined using Rietveld whole-pattern refinement 
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(Rietveld 1969), within the program GSAS (Larson and Von Dreele 1994) using the 

EXPGUI interface (Toby, 2001): R-factors for the fits were of the order of 5%.   

RESULTS  

The high-pressure lattice parameters (Fig. 2) and volumes (Fig. 3a) of goethite at 

ambient temperature and high temperatures are contained in MSA Depository Table 1. 

We did perform separate peak fitting of the 200o C isotherm data using the PeakFit 

Program (Jandel Scientific, San Rafael, CA), from which we calculated cell parameters. 

The results from PeakFit were the same as from GSAS, within mutual errors. In general, 

the lengths of the crystallographic axes decrease with increasing pressure.  The a-axis 

length decreases smoothly up to roughly 9 GPa, beyond which it diverges from Nagai et 

al.’s (2003) trend and follows a slope of -0.009 Å GPa-1; the compression and 

decompression trends are similar. The b-axis length decreases smoothly with pressure up 

to 9 GPa, followed by a 0.02 Å discontinuity over a pressure range of 5 GPa and then 

returns to match Nagai et al.’s (2003) trend.  The c-axis length decreases smoothly with 

pressure to 9 GPa, followed by increased scatter, up to ± 0.01 Å.  Decompression data 

demonstrate hysteretic effects for the b- and c- axes.  

The volume compression at room temperature shows a smooth decrease up to 9 

GPa, followed by a discontinuity and then returns to a smooth trend up to 24.6 GPa.  The 

higher-temperature isotherms maintain a smooth decrease in volume through the room-

temperature 9 GPa discontinuity.  We attribute this 9 GPa kink in room-temperature 

volumes and lattice parameters to the solidification of the 4:1 methanol:ethanol pressure 

medium introducing non-hydrostaticity. The temperature dependence of the glass- 

transition pressure in methanol:ethanol (Grocholski and Jeanloz 2005) explains the lack 
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of the discontinuity in the high-temperature data. The lattice parameters and volumes 

(Fig. 3b) for ε-FeOOH phase are listed in MSA Depository Table 2.  The decrease in 

volume for any isotherm does not follow a single smooth trend, with scatter up to ± 0.3 

Å3 over the entire pressure range.  

DISCUSSION 

The thermal equation of state for goethite is generated by combined use of the 

Mie-Grüneisen and Eulerian finite-strain (Birch-Murnaghan) (Birch 1978) equation of 

state 
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relating pressure, P, volume, V, bulk modulus, K, and its pressure derivative, K’ , using 

volumetric finite strain, f = 1/2[(V0/V)2/3-1], the Gruneisen parameter γ = -(∂lnΘ/∂lnV)T, 

internal energy E at temperature T, the Debye temperature Θ, and subscript 0 to indicate 

ambient  pressure.  The parameter values are given in Table 1. We include all P-V-T data 

in determining K0 = 140.3 (± 3.7) GPa and K0’= 4.6 (± 0.4), as the accuracy of high-

temperature data at pressure prevented resolving volumetric expansion as temperature 

was increased up to 250 oC. Nagai et al. (2003) report a bulk modulus of 111(2) GPa, but 

this difference is likely due to variable degrees of non-hydrostaticity. A compression 

study with a pressure-transmitting medium other than methanol:ethanol, or high 

temperatures (as in the present study), may be required to mitigate non-hydrostatic 

effects. We find that goethite has a slightly larger bulk modulus than the iso-structural 

main-element analogue, diaspore, α-AlOOH (K0 = 134.4 ±1.4 GPa, assuming K0’ = 4: 

Grevel et al. (2000)). At P = 0 GPa, we find the zero-pressure thermal expansion 

coefficient of goethite to be comparable to that of diaspore (α = 2.9(2)·10-5K-1 Grevel et 
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al. 2000). Assuming dlnγ/dlnV = 1.0, using the thermodynamic relationship γ0 = α0K0V 

CV
-1 (Jeanloz 1985), where CV is the isochoric heat capacity, and following from a Debye 

specific heat function table (Pitzer 1995), we find Θ0 = 740 (± 5) K for goethite.  

It should be noted that a secondary data analysis for each phase was performed, 

wherein high-temperature data were separated in two distinct ways: 1) all high-

temperature data grouped together, separate from room-temperature measurements; and 

2) each isotherm assessed individually. The expected trend of ‘softening’ or decrease of 

bulk modulus with increasing temperature was not found, and scatter in the finite-strain 

data made it inappropriate to judge trends in isothermal bulk modulus at high 

temperature. This is especially true for the ε-FeOOH phase and, as a first order 

investigation of this phase, we chose to report the results for the simplest analysis. 

For the high-pressure ε-FeOOH phase, the Birch equation of state was used to 

determine the bulk modulus, K0 =158 ±5 GPa with K0’  assumed to be 4. Scatter in the 

high-temperature data and lack of any apparent trend in volumetric thermal expansion 

from one isotherm to another warranted including all data in the determination of the bulk 

modulus. Ambient-pressure, room-temperature volume for this non-quenchable high 

pressure ε-FeOOH phase is determined using the G vs. g method (Jeanloz 1981). The 

calculated zero-pressure volume is Vε0 = 66.3 (± 0.5) Å3. The iso-structural high-pressure 

AlOOH phase with space group P21nm is δ-AlOOH (Suzuki et al. 2000), with an 

isothermal zero-pressure bulk modulus of 252(3) GPa (Vanpeteghem et al. 2002). We 

note that the Al-bearing phase is roughly 2/3 less compressible than the ε-FeOOH high-

pressure phase. 
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A summary of experimental data from the present study and Voigt and Will’s 

(1981) work (Fig. 4) includes an expanded pressure-temperature stability range for the 

high-pressure ε-FeOOH phase, and validation of the reaction boundary between goethite 

and hematite + water. The phase boundary between α-FeOOH and ε-FeOOH has been 

further constrained by the data presented here, and α-FeOOH is only metastable at low 

temperatures.  A phase boundary nearly independent of temperature (200-250 oC between 

6-20 GPa) is thermodynamically unreasonable, given the fact that our data also reinforce 

the temperature-dependent α- to ε-FeOOH boundary proposed by Voigt and Will (1981) 

(dashed black line in Figure 4). We believe the temperature independent discontinuity is a 

kinetic artifact related to the polymorphic conversion from space group Pbnm to P21mn. 

We note the appearance of lepidocrocite (γ-FeOOH) diffraction peaks between 200-250 

oC at 2-9 GPa, which may also act to stabilize goethite to higher pressures and 

temperatures. At conditions below 200 oC and above 5 GPa, α-FeOOH may only be 

metastable and convert, with longer reaction times, to ε-FeOOH.  The similarity of the 

thermoelastic properties of α-AlOOH (Grevel et al. 2000) and α-FeOOH  (this study) 

suggests that at lower pressures (~5 GPa, corresponding approximately to the base of the 

lithosphere), at least for this structure type, the thermoelastic properties are dominated by 

the common structure type rather than the chemical difference between Al and Fe (e.g. 

transition metal vs. main-group element). However, at pressure up to 10-25 GPa 

(corresponding to the upper mantle and transition zone), differences in the elastic 

properties of iso-structural ε-FeOOH and δ-AlOOH phases could be dominated by 

chemical differences between Al and Fe.  
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FIGURE CAPTIONS:  

 Figure 1. a) X-ray diffraction pattern of goethite and gold at ambient pressure 

and temperature; λ = 0.4133 Å.  All Bragg peaks are indexed, although only a few are 

labeled here.  b) X-ray diffraction pattern of high-pressure ε-FeOOH phase and gold at 

17.2 GPa and 250 oC; λ = 0.4133 Å. The intensity in each pattern is in arbitrary units 

(a.u.).  The black, dashed-grey and solid-grey curves are the experimental data, GSAS 

model fit and difference plot, respectively.  

Figure 2. Refined orthorhombic unit cell parameters (a, b, c) for goethite at room 

temperature from this study (black circles) compared to the Nagai et al. 2003 dataset 

(grey circles).  Solid circles represent compression, open circles are decompression.  

Error bars are 95% confidence limits for the unit-cell refinements. 

Figure 3. a) Unit-cell volume of goethite as a function of pressure and 

temperature; solid symbols are for compression, open symbols for decompression.  The 

curve is calculated from the third-order Birch-Murnaghan equation of state. Data 

resolution prohibited the determination of thermal expansivity at pressure. b) Unit-cell 

volume of ε-FeOOH phase as a function of pressure and temperature; solid symbols are 

for compression, open symbols for decompression.  The curve is calculated from the 

second-order (Birch) equation of state (i.e., assuming K0’  = 4). 

 Figure 4. Pressure-temperature phase-stability diagram for FeOOH. Solid 

symbols are for compression, open symbols are for decompression.  Black and grey 

symbols are the datasets from this study and Voigt and Will (1981), respectively. Solid 

and dashed lines at higher temperatures mark experimentally determined phase 

boundaries.  
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TABLES: 

TABLE 1. Thermodynamic properties of goethite at zero pressure and 296 K. 

V0 [Å
3] K0 [GPa] α0 [×10-5K -1] CP[J/K·mol]  γ0 Θ [K] 

138.75 ±0.02 140.3 ±3.7 2.3 ±0.6 73.88* 0.91 ±0.07 740 ±5 

*calculated from summed Debye and Einstein CP(T) functions (Majzlan et al. 2003a) 
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