
How to study water-rock-gas interactions at elevated T-P?

An experimental overview

Laurent Truche

laurent.truche@univ-grenoble-alpes.fr

June 20th 2019 – High Pressure School, ESRF, Grenoble



Chapter 2. Materials and methods 

83 

 

 

 

 

 

 

Figure 2-20. Preparation of gold capsules for the experimental simulation of abiotic 

hydrocarbon generation (a) PUK Lampert 4.1 welding machine with its accessories (b) non-

stirred autoclaves used for HP/HT experiments (c) N2 glove box used for the closing the 

loaded capsules in an inert atmosphere (d) welded capsules showing its dimensions. The 

labeled components in (b) are; 1. Autoclave in the oven 2. Alumina insulator 3. P/T controller 

and power supply 4. Pressure sensor 5. Manometer  

 

 

 

Rayon X incident

Autoclave accueuillant

l’échantillon

Détecteur CamberraDétecteur 

Canberra



How to study water-rock-gas interactions at elevated T-P?

1) Hydrothermal Autoclaves

Sampling at high P-T or Quenching  solubility, total Me concentration
LIMITATION
 change speciation
 Precipitation/dissolution during cooling, Colloids formation
 Degasing
 pH/redox change

H2(g)	

UO2Cl2+	
HCl	+	LiCl	
		



Ti Batch autoclave
Up to 400°C and 300 bar

 Fluid sampling
 Gas sampling
 Post morterm solid analysis
 May be fitted wi in situ pH and 

Raman  probes



Flow-Through



Solubilities of the assemblage pyrite – pyrrhotite – magnetite – galena – sphalerite
in 2.0 and 4.0 molal NaCl and NaBr solutions at 200°C

Crerar et al. (1985), Canadian mineralogist

NaBr

Fe>Pb>Zn

NaCl

Fe>Zn>Pb

 Pb (soft acid) prefers to complex with the softer Br-

 Zn harder acid prefers harder Cl-
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Heavy REE are more soluble (~100 ppm) than

light REE (<1 ppm) in neutral and alkaline

fluids.

Ce-anomaly is present in all experiments.

Eu-anomaly is present only in the experiment

with Na2CO3.

CO2

HCO3
- Concentrations of REEs decrease with

increasing temperature in all experiments.
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Kinetic of pyrite reduction into pyrrhotite 

FeS2(s) + (1-x) H2(aq) = FeS1+x(s) + (1-x) H2S(aq) (0<x<0.125)

Fe/S = 0,51

Fe/S = 0,92

Truche et al., 2010



Flexible-cell rocking 

autoclave
Up to 500°C and 2 kbar

 Fluid sampling
 Gas sampling
 Post morterm solid analysis
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Solubility of CdO and ZnO in pure H2O

Bazarkina et al. (2009)

In hydrothermal fluids the hydroxide complexes of Cd and Zn are very weak !

Cd

~1 ppb !!!

This study This study
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T = 400°C, P = 300 bar

The presence of Cl increases both CdO and ZnO solubility by orders of magnitude 

!!!!
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Kola Peninsula  H2-bearing gas 
flowing out of the borehole

Strange Lake pluton (Canada), Ilimaussaq
(Greenland), Khibina (Russia) 
 H2 + hydrocarbons (up to C6) bearing fluid 
inclusion

Salvi and Williams-Jones (1997).
Potter et al. (2013). 

3Na3FeII
4FeIIISi8O22(OH)2 (arfvedsonite) +2H2O 

=
9NaFeIIISi2O6 (aegirine) + 2Fe3O4 (magnétite) + 6SiO2 (quartz)

+ 5H2

Peralkaline granite hydrothermal alteration



Solubility of Au and Pt in 3.4 wt% S aqueous solution (0,54m K2S2O3+0,15m HCl) 

Flexible-cell hydrothermal reactor
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Au, measured

Au(HS)2
-, calculated

Pt, measured

Pt(HS)2
0, calculated

Au-S3 complexes?

Pt-S3 complexes?

pH = 4.6 (buffered by Q-Musc-Kfp)
H2S = 1.5 wt% S, SO4 = 1.7 wt% S, 
S3

- = 0.2 wt% S (Raman data) 

Direct experimental evidence  for  metal-S3
- complexes 

solidssolids

350°C, 400 bar

Titanium Autoclave: 280-300°C Psat

Coretest, Ti-Au flexible cell, 350-400°C, 500 bar

5 experiments
- W/R =10
- solids 100-200 micron
- Ar

1. Quartz + H20  Blank
2. Strange Lake granite + H20
3. Strange Lake granite + 0.01 m HCl
4. Strange lake granite + 0.001m NaOH
5. Strange Lake granite + 0.1m NaCl

1 experiment
- W/R =10
- solids 100-200 micron
- Ar
- H2O and H2O-NaCl system

Temps

In
te

n
si

té

H2

Ar

CO2

Fluid and gas sampling
Post mortem solid analysis

Experimental investigations
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Blank : No H2 production  Ti is inert and Si-OH site at the Qtz surface do not react to 
form H2

Strange Lake granite hydrothermal alteration

H2 generation increases when pH increases

Trace of CH4 measurable after 
500 hrs elapsed time

20 µm



Unreacted arfvedsonite Arfvedsonite after reaction

[Na3.25, K0.31][Fe2+
2.10, Fe3+

1.18, Al0.29][Si7.96, Ti0.04]O22(OH)2 . 

STXM-XANES 

300°C

Arfvedsonite « pure »
Fe3+/ΣFe = 31,2 %

Fe2+Fe3+ Fe2+Fe3+

Arfvedsonite « SL 350 »
Fe3+/ΣFe > 80 %

20 µm

10 µm



Green	Laser	Ar+		

514	nm	

liquid	vapor	100	
µm	

320	µm	

for	comparison:	diameter	of	a	
human	hair	=	~	80	µm	

How to study water-rock-gas interactions at elevated T-P?

2) In situ spectroscopy: UV-Vis, Raman, IR, XAS 
 speciation, solubility
LIMITATION
- Requires specific reaction cells
- Difficulties to load gas/solids
- Often incompatible with fluid/gas sampling

X-ray
I0 I1

Transmission, ln I0/I1

If
Fluorescence, If/I0

Furnace

Glassy-carbon
tube

Helium gas

Helium gas

Sapphire piston

Viton seal

Sample space ~ 0.1-0.3 cm3

1 cm

Light beam



Pressure gauge

Capillary

Micro torch

Liquid N2

Vacum pump

Polyimide

Protective layer

200 µm

320 µm

Insitu Raman spectroscopy coupled to the fused silica glass 
capillary technique

Capillary loading line



microscope (x20)
Confocal Raman 

spectrometer

Furnace

Heating stage® Linkam

Liquid, solid (powder, or 
single cristal), and gas cas be
loaded inside the capillary



U(VI) speciation in chloride-rich brine under hydrothermal condition

Dargent et al., 2014



U(VI) speciation in chloride-rich brine under hydrothermal condition



U(VI) speciation in chloride-rich brine under hydrothermal condition

Peak fitting



22

UO2Cln
2-n

(aq) + Cl-(aq) = UO2Cln+1
1-n

(aq) 𝐾𝑛+1
𝑖 =

𝑎
𝑈𝑂2𝐶𝑙𝑛+1

2−(𝑛+1)
𝑖

𝑎
𝑈𝑂2𝐶𝑙𝑛

2−𝑛
𝑖 × 𝑎𝐶𝑙−

𝑖 Ti, Pi

𝑎𝑗
𝑖 = 𝛾𝑗 ×𝑚𝑗

𝑖Temperature (°C) Log10K1 Log10K2 Log10K3 Log10K4 Log10K5 

21 0.40 ± 0.14 0.76 ± 0.28 0.34 ± 0.09 - - 

50 0.83 ± 0.14 0.86 ± 0.09 -0.39 ± 0.14 - - 

100 0.91 ± 0.08 1.08 ± 0.02 -0.11 ± 0.06 - - 

150 1.59 ± 0.05 1.13 ± 0.01 -0.08 ± 0.03 -0.43 ± 0.06 - 

200 - 1.10 ± 0.41 0.64 ± 0.37 -0.66 ± 0.81 -1.49 ± 0.09 

250 - - 0.89 ± 0.05 -1.04 ± 0.36 -0.89 ± 0.22 

300 - - - -0.73 ± 0.31 -1.42 ± 0.42 

350 - - - - -0.96 ± 0.23 

 

𝑙𝑜𝑔𝛽𝑛
𝑖 =

1

𝑛

𝑙𝑜𝑔𝐾𝑛
𝑖

UO2
2+

(aq) + nCl-(aq) = UO2Cln
2-n 

(aq)

U(VI) speciation in chloride-rich brine under hydrothermal condition
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W(VI) speciation under hydrothermal condition

pH increases

HWO4
- = H+ + WO4

2-

CHAPITRE I : GENERALITES BIBLIOGRAPHIQUES 
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Allmann. 
76

 Le paratungstate ne se protone pas au moins jusqu’à pH 5,5 
77

 et se transforme 

lentement  en paratungstate B. 

 

Fig. 17 Structure du polyanion H2W12O42
10-

 paratungstate B 

A des pH plus faibles, il se forme différents ions polyoxométalates dont la cinétique de 

formation est assez lente et complexe, tel que l’ion H2W12O40
6-

 appelé α-métatungstate 

(structure de Keggin présenté Fig. 18) qui est le plus stable : 

12[WO
4
] 
2−
+ 18 H

+
  [H

2
W
12
O
40
]
6−
+8 H

2
O (Eq. 31) 

Le paratungstate B et l’α-métatungstate sont les deux anions les plus stables 

thermodynamiquement et cristallisent respectivement après un à deux jours à température 

ambiante et en quinze jours à 50°C. 

 

Fig. 18 Structure du polyanion H2W12O40
6- 
α-métatungstate 

Les atomes de tungstène se trouvent en coordination octaédrique distordue (WO6) et se 

condensent douze fois pour former les polyanions. Leur structure comprend des groupes 

tritungstiques linéaires W3O14 et cycliques W3O13 reliés par les arêtes. Ces motifs sont 

connectés entre eux par les sommets et forment une cavité centrale où sont logés les protons. 
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400°C

Gibert et al., 1992

Carocci et al., in prep



How to study water-rock-gas interactions at elevated T-P?
3) In situ potentiometry
 pH and redox measurement, activity of other species with selective 

electrodes (e.g. Na, Cd) 
LIMITATION:
Measurements are difficult to achieve

• Resistance to chemical attack

• Resistance to thermal and mechanical 
stress

• Stable potentials that can be resolved 
within few millivolts

11

The Measuring Electrode
The galvanic voltage output produced by a measuring elec-

trode will depend on the ionic activity of the species of ions

for which the electrode was designed to measure. In the case

of pH electrodes, it is the hydrogen ion activity. 

Based upon the Nernst equation, at 25°C, the output of a

pH measuring electrode is equal to 59.16 mV per pH unit.

At 7.00 pH, which is the isopotential point for a perfect

electrode, the output is 0 mV. As the solution pH increases

(less acidic), the mV potential becomes more negative.

Conversely, as the solution pH decreases (more acidic), the

mV potential becomes more positive.

The glass measuring electrode has been adopted as the meas-

uring element for most pH sensors in use today. The

measurement is predicated on the principal that a hydrated

gel layer forms between the outer surface of the glass and the

aqueous solution being measured (Figure 8).

The internal wire element of the measuring electrode has a

potential, E3, with respect to the internal fill solution 

(Figure 9). Another potential, E2, exists between the internal

fill solution and the inside surface of the glass.

Depending on the pH of the solution being measured,

hydrogen ions will migrate into or out of the gel layer. In an

alkaline solution, hydrogen ions migrate out of the gel layer

and a negative charge is developed on the outer gel layer.

Because the internal fill solution of the electrode is at a con-

stant pH value, the internal potential remains constant.

Therefore, the potential that is measured across the glass

membrane is the result of the difference between the inner

and outer electrical charge.

Asymmetry Potential
When a pH electrode is immersed in a solution with the

same pH as its internal fill solution, there should not be a

measurable potential across the glass membrane. If such a

potential exists, it is known as an asymmetry potential 

(Figure 9). In practice, this potential is usually a few milli-

volts or less for a new, properly stored electrode.

Figure 9.  Asymmetry Potential

Things that limit the ability of the ion exchange mechanism

cause asymmetry potential. This includes a dehydrated elec-

trode, using the electrode in a non-aqueous solution, or

plugging and/or coating of the glass surface. Asymmetry

Li+

H+

Li+

Li+

H+

.001 mm

.03 to .1 mm

.001 mm

Ag/AgCl Internal Wire

Buffered

Internal

Solution

External

Aqueous

Solution

Buffered KCl Solution

Stem Glass

pH Sensitive Glass

R1

E2

R2

E3

E1

Figure 8.  Ion Migration Between Aqueous Solution and pH Sensitive Glass

Li-Sn	Alloy	

Ni-Cu	wire	(No	internal	solu on)	

Ti	fi ng	+		epoxy	with	TiO2	powder	

Courtesie	A.	Zotov	and	E.	Bazarkina	(IGEM-RAS	–	Russia)	

ZrO2 based pH electrode + flow through Ag/AgCl reference electrode

Glass electrode

D
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d

 Seyfried

Li, Na, K 
interferences



Combining fluid sampling + Raman spectrometry + 
potentiometry in a single autoclave 

Fluid Sampling
Autoclave

In situ Raman 
Spectroscopy

Potentiometry
In situ pH measurements

Direct measurements of CO2 solubility and pH in NaCl hydrothermal 
solution up to 280 °C and 150 bar

Truche et al., 2016



External Pressure Balanced Reference  
(EPBRE) Ag/AgCl probe 
Corr Instruments   

Cooling jacket 
 – water circulation 

ZrO2-based pH probe 
Corr Instruments   

Raman probe 
Kaiser Optical 
Systems Inc.  

Fluid sampling 

Gas sampling 

Magnetic stirrer 

Bolt-closure hydrothermal cell 
made of titanium grade 3 
Parr Instrument   

Pressure gauge 

Optical fiber coupled 
to the Raman 
spectrometer 

Connection to a high impedance 
pH-meter 

V Fig. 1 

Experimental setup

- pH electrodes: prototype from Corr instruments 
- Raman immersion probe from Kayser optical
- All probes and tubing made of titanium
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Dissolved CO2 concentration measurements – Raman spectroscopy

ACO2 = k x [CO2(aq)]

T = 200°C , 
17<P<102 bar

200<T<280°C , 
P ≈ 50 bar

Water stretching bandCO2 Fermi dyad

H2O-CO2 system

H2O-CO2 1.4 m NaCl system

Salting out effect



Calibration: gravimetric measurements as BaCO3

H2O-CO2 

H2O-CO2- 1.4 m NaCl 

A(CO2)/A(H2O) 

m
C

O
2
 (

m
o

l.k
g w

-1
) 

200-280°C 

Dissolved CO2 concentration measurements – Raman spectroscopy

Quantification limit = 0.04 m
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Reference and glass-based pH probes must be vertical or at an angle  

greater than 10 degree with horizontal plane  

ZrO2-based pH probe can be at any orientation. 
 

WARNNING: 

Extra CAUTION must be taken when dealing with pressurized systems. Probe or 

electrode component may fly out like projectiles to cause bodily harm or death, and/or 

property damage.  Avoid exposure of head and body in potential paths of these objects. 

Use probes only in an access-controlled area.  
 

Note: Sensing tips of the two probes must be close 

to each other. 

 

 

Corr Instruments, LLC. 

7112 Oaklawn Drive  

San Antonio TX 78229, USA 

Phone :210 924 3101 

 

Info@CorrInsruments.com 

www.CorrInstruments.com 
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pH probe
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ZrO2-
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ReactorReference probe 

may be bent for horizontal 

installation

Glass-based pH probe 

must be vertical or tilted
Reactor

head

Reactor
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must be vertical or  

at an angle with 

horizontal plane  

(≥10 degree)

ZrO2-based

pH probe can 

be at any 

orientation
Reactor

Reference 

probe may 

be bent 

Glass-based pH 

probe must be 

vertical or  at an 

angle with 

horizontal plane  

(≥10 degree)

Sensing	element	Ac ve	
Area	

Cu/Cu2O	
Other	couples	available	

Ni/NiO;	Hg/Hg0;	Ag/Ag2O	

Y ria	(8mol%	Y2O3)	
-	stabilized	zirconia	

(YSZ)	sensor	
ceramic	membrane	

Ag/AgCl	Reference	electrodes	ZrO2	based	pH	electrodes	

y"="$103.32x"+"560.11"
R²"="0.9921"
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Ag | AgCl | Cl- ,H+ ,H2O | YSZ | Cu | Cu2O  

T2: high T° zoneT1: room T°

In-situ pH measurements 

Solid state

0.1 m KCl
electrolyte



Yttria (8 mol% Y2O3) - stabilized zirconia (YSZ)ceramique membrane

- Chemical stability
- Appropriate electrochemical properties
- No Na interference

ZrO2 based 
pH probe

Sensing element Active 
Area

Cu/Cu2O
Other couples available

Ni/NiO; Hg/HgO; Ag/Ag2O

originally described by Niedrach (1980) 

Advantage:
- Can be use as a primary electrode
- Independent of fH2, fO2, Cl-, F-, H2S

Ti tubing Cu Conduction wire 
with PTFE insulation



ZrO2-based pH Electrode mechanism (Mcdonald et al., 1992; Lvov et al., 2003)

1- Equilibrium at the solution side
electrical potential of the ZrO2 tube

2- Equilibrium at the internal reference element

• if: 
i) oxygen vacancy activity is constant throughout the ceramic and,
ii)  measurements are carried out potentiometrically (zero current through the membrane

• Then the sensor potential is given by:

(1) the potential of the YSZ sensor should be Nernstian with respect to pH
(2) The accuracy significantly depends on the choice of the metal/metal oxide redox 

couple, and 
(3) no property of the ceramic membrane appears in any of the terms



Quality of the zirconia membrane !!!

The optimum composition of 8 mol% Y2O3

- remains cubic and avoids fracturing due to a 
volume change in phase transition

- electrically responsive 
- few ppm of redox-active impurities in the ZrO2

ceramics, such as Fe or Ti, may seriously alter the 
oxygen diffusivity 

Stubican et al. (1984).



External pressure-balanced Ag/AgCl reference electrode

Ag/AgCl Reference electrodes: the key point
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Corr Instruments, LLC. 

7112 Oaklawn Drive  

San Antonio TX 78229, USA 

Phone :210 924 3101 
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Probe	length:		70	cm
	

Ti	fi ngs	and	
tubing	

N
on-isotherm

al	electrolyte	bridge	

• Pressure balancing obtained a flexible PTFE tube  avoid streaming potential
• Ag/AgCl redox couple in the cold part  avoid hydrolysis and reduction at high T

• Constant thermal gradient along the probe  constant liquid junction potential
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T°C S I R N 

200 -92.3 795.6 0.99 -93.9 

220 -95.6 815.7 0.99 -97.8 

250 -102.1 865.9 0.99 -103.8 

280 -106.7 888.2 0.99 -109.7 

pH buffers: 
• H2SO4

• KPO4/Na2HPO4

• Na2B4O7

• NaOH

pH probes calibration

Perfect Nernstian response up to 280°C
Accuracy: 0.05 pH unit 
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Salinity has no effect on the calibration line
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150°C; Peng et al., 2013 

50°C; Peng et al., 2013 

In situ pH in the CO2-H2O system

Glass 
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ZrO2 based pH 
electrodes



In situ pH in the CO2-NaCl-H2O system

Pressure (bar) 

pH
T 

H2O-CO2-NaCl 

Pure water 

1.4 m NaCl 

3.4 m NaCl 

Pure water 

1.4 m NaCl Miyasaka et al., 1989 
3.4 m NaCl  

Pure water 
1.4 m NaCl 

200°C 
250°C 

280°C 

- at constant P: increase [NaCl]  decrease pH
Pitzer model based on carefully revised parameters – ready to use with Phreeqc

All the Pitzer parameters are available on Truche et al. (2015), GCA, 177, 238-253



H2O-CO2- 1.4 m NaCl 

Li and Duan (2007) 

This study, Pitzer model 

mCO2 (mol.kgw
-1) 

p
H

T 

200°C 

250°C 

280°C 

A pitzer model ready to use with Phreeqc code

All the Pitzer parameters are available on Truche et al. (2015), GCA, 177, 238-253



CONCLUSION

• Combination of different techniques is essential to gain full insight into a 
reaction process

• Recent advance in spectroscopy allow miniaturization and coupling with 
classical  techniques (e.g. batch autoclave)

• Advises: 

- workshop support required, 

- blank experiments of prior importance

- take into consideration artefacts due to metastability (or reversibility), 
kinetics (or steady states), catalysis (construction material usually not inert)

- know well the weak point of  the technique you using

- do not leave the others the opportunity to model/interpret your data 
do it yourself!

- but…be open minded and curious to you surrounding world!



THANKS FOR YOUR ATTENTION

Any questions?


