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All life on Earth is supported by the fragile skin of the planet defined from the
outer extent of vegetation down to the lower limits of groundwater.

This volume has been  recently labelled the Critical Zone because of its
essential role in natural and managed ecosystems.

From  Brantley et al., Elements, vol.3, n°5
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Interpreting the Record



From  Chorover et al., Elements, vol.3, n°5

The soil system
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Modified from Pedro (1968)

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



250 µm

Optical microscopy
Cross-polarized light

50 µm

Weathering patterns in amphibole crystals

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006
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250 µm

courtesy of Dominique Proust (HydrASA)
Clays and Clay Minerals, 54, 351-363, 2006

Weathering patterns in amphibole crystals
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Mo.
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Mo.
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Montmorillonite on (001) planes

K-S on amphibole sawtooth (001)

Halloysite on K-S or amphibole

Saponite on (110) planes
Crystallization sites
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Cation exchange capacity of clay minerals
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Cation exchange capacity of clay minerals
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- is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral  (cmol/kg)

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

- is issued from the structural charge of mineral which is the sum
of 2 types of charges:

- pH-dependent charge by (de)protonation of species at edges



1:1 structure
ex: kaolinite

2:1 structure
ex: smectite

1:1 and 2:1 phyllosilicates – edge surface charge

Si-O---

Si-O---

Al-O---

---O-Al

surface-OH2
+ surface-OH surface-O-

  pH<PZC      pH=PZC        pH>PZC

---O-Si

---O-Al---O-Fe

---O-Si

---O-Si

---O-Si Al-O---

               edge charge:
pH- dependent    « variable charge »
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Cation exchange capacity of clay minerals

- corresponds to the property to exchange cations from the
surface of mineral by cations in solution

- is defined as the quantity of cations reversibly adsorbed per
unit weight of mineral  (cmol/kg)

- is issued from the structural charge of mineral which is the sum
of 2 types of charges:

- pH-dependent charge by (de)protonation of species at edges
- pH-independent permanent negative charge due to heterovalent
isomorphous substitutions
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for smectites:  CECperm>>CECvar



(VI) : Al3+, Fe3+ , Mg2+, Fe2+, Li+, �, . . .

OH

(IV) : Si4+, Al3+, Fe3+, …..

O 

Smectite – permanent charge

interlayer space
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Si4+ / R3+        R3+ = Al3+, Fe3+, …

R3+ / R2+      R2+ = Mg2+, Fe2+, …

R2+ / R+           R+ = Li+

R2+ / �

Heterovalent substitution
negative chargesinterlayer cations

(Si4-xR3+
x)  (R3+

aR2+
bR+

c�d)  O10 (OH)2 M +z

Tetrahedral charge per half unit cell = - x

Octahedral charge per half unit cell = (3a + 2b + c) – 6 = - y

Permanent charge per half unit cell = z = x + y

(a + b + c + d = 3)
e Minéralogie environnementale Académie des sciences 14 15 septembre 2
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Role  in the preservation
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 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals ?



 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

- Study the natural soil system:

- complex and the process is not necessarily understood



 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments

- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
               conditions of formation of clay minerals and their
               crystal – chemistry and physico-chemical properties



 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments

- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
               conditions of formation of clay minerals and their
               crystal – chemistry and physico-chemical properties

- Study the natural soil system:

- complex and the process is not necessarily understood

- Experimental studies - laboratory experiments

- minerals alteration mimicking natural weathering



Righi et al. Clays &Clay Minerals, 167-177, 1998

Example : Vertisol of Suelli, Sardinia (Italy)

<0.1 µm fraction

Sample CEC var.  perm. IV acces. VI acces.

Ap  71 18  53     33     20

Bss2  70 18  52     34     18

Ck  68 16  52     24     29

 (cmol /kg)

XRD patterns – EG solvatation
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Sample  SiO2   Al2O3  Fe2O3  MgO  K2O   … LOI

Ap  51.2    18.4      9.8     2.5     2.9   … 13.4

Bss2  51.4    18.0      9.6     2.6     2.8   … 13.6

Ck  50.9    18.8      8.8     3.2     2.4    … 14.3

 (cmol /kg)



<0.1 µm fraction

Layers with a tetrahedral charge <0.24 mol/O10(OH)2

Layers with a tetrahedral charge >0.77 mol/O10(OH)2

Righi et al. Clays &Clay Minerals, 167-177, 1998

Example : Vertisol of Suelli, Sardinia (Italy)
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Increase of high-charge
(illitic-like) beidellitic layers

What is the process?



Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites

Wetting

(10 ml distilled water)

Na-saturated samples

(250 mg)

Drying

(60°C in an oven)

3 series of samples :

10, 50, 100 W/D cycles

Samples :

- Suelli C horizon

 (<0.1 µm fraction)

- SAz-1 (<0.2 µm fraction)

Last cycle
Freeze-drying

Storage in glass bottles under vacuum
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Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites
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Experimental alteration of smectites

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

Carbonate
precipitation

Na, (Mg) leaching



Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites
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Carbonate
precipitation

Na, (Mg) leaching

OH
(Hydroxy-Al polycation)

Al leaching



Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites
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Experimental alteration of smectites
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Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites
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smectite      illitic layers



Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites
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Ramirez et al. Clays  Minerals, 15-24, 2005

Experimental alteration of smectites

21633100
1814150
1944310
178480

BET surface area
(m2/g)

Accessible permanent charge
(cmol/kg)

W/D
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Decrease of the accessible permanent charge :

Relative increase of illitic layers

Non exchangeable hydroxy-Al cations in the interlayer
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Decrease of the accessible permanent charge :

Relative increase of illitic layers

Non exchangeable hydroxy-Al cations in the interlayer

Increase of the external surface areas:

Decrease of particle size

Apparent mineralogical change : Acidic decomposition of the structure in
part (preferentially « low charge » montmorillonitic layers) and relative
increase of illitic (beidellitic) layers
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- Study the natural soil system:

- complex and the process is not necessarily understood

 Relationship between conditions of formation,
crystal-chemistry, and reactivity of clay minerals

- Experimental studies - laboratory experiments

- minerals alteration mimicking natural weathering

- clay syntheses to better determine the link between
               conditions of formation of clay minerals and their
               crystal – chemistry and physico-chemical properties
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- clay syntheses to better determine the link between
  conditions of formation of clay minerals and their
  crystal – chemistry and physico-chemical properties



Requirements:

- minimize the variables of the system

- reproducibility

- homogeneous and definite chemical composition
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Use an amorphous gel with the clay stoechiometry :
Decarreau (1983) ’s protocol



Basis reaction :
Gel coprecipitation
silica source: SiO2Na2O
metal source: salt (chlorides, nitrates, sulfates)
equilibrated agent: HCl, NaOH, …..

Ex:  kaolinite Si2 Al2 O5 (OH)4

2 SiO2Na2O + 2 AlCl3 + 2 NaOH
 6 NaCl + H2O + Si2 Al2 O7
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The coprecipitate is:

- centrifuged and washed

- dried and crushed
       (or frieze dried)
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The starting material is ready to use.

A B C



Aim : Reproduce in laboratory clay formation
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Aim : Reproduce in laboratory clay formation

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

Problem:  we cannot use geological times !

Rayner [1962] calculated a half-reaction time of 16.104 years at
20°C from kaolinite syntheses performed at several temperatures
(180 - 300°C).

The rate constant of an heterogeneous chemical reaction in
aqueous phase is given by :

k = A.exp - (ΔE/RT)

Ageing time of clay synthesis can be minimized by an
increase of T.



From ambiant to 100°C : PFA  reactors
 (copolymer of ethylene tetrafluor)

Starting material
(300 mg)

+
distilled water

(30 cc)
(+ HCl or NaOH)

Teflon

Metal

From 100 to 240°C : bombs with metal bodies
and removable Teflon liners

From 240 to 300°C : bombs in titanium
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     Al-Fe3+ substitutions

     Influence of conditions of formation
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Kaolinite were synthesized under these conditions :

     - Temperatures and Pressures :

   150 - 300 °C (equilibrium water pressure)

   200 - 400 °C  P = 1.5 to 3 kbar

     - ageing time : 2 days to 6 months

     - pHini 1 to 13  (pHfin 1 to 8)

     - from gel*, glass, poorly crystallized kaolinite*,**, metakaolin***

*  Fialips et al. (1999) C.R.Acad.Sci., 328, 515-520.
** Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
*** Fialips et al. (2000) Clays & Clay Min., 35, 559-572.
        Fialips (1999) PhD Thesis.
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Crucial role of pH in kaolinite characteristics
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Coprecipitated gel
Si2Al2O7

220°C  (23 bar) - 14 days
spontaneous pH:  5

partially kaolinitized gel

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Coprecipitated gel
Si2Al2O7

220°C  (23 bar) - 14 days
spontaneous pH:  5

partially kaolinitized gel

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

starting material

21 days
220 °C - 23 bar
 pHadj  : 1 - 13
(pHfin  : 1 – 8)



Scale bar :  0.4 μm

Start.
Mat.
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pH 5
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21 days
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pH 5

220°C

21 days   
pH 1

pH 7



Scale bar :  0.4 μm

Start.
Mat.
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pH 5

220°C

21 days   
pH 1

pH 7pH 8
C ll Mi é l i i



R2 = 0.9989
0

0,1

0 1 2
I(ν4NH4) (AU)

N
a 

/2
 S

i (
A

A
S)

ν4NH4
1400

FTIR (NH4 - samples)
(Spectra normalized with SiO band)

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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0 200 400 600 800 1000
Température (±5°C)

pH

1

2
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8
start. mat.

% Kaol
 > 90
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~ 70
~ 50

Tmax
516

501

DTA - TGA

Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Fialips et al. (2000) Clays & Clay Min., 48, 173-184.
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Fialips et al. (2000) Clays & Clay Min., 48, 173-184.

All these kaolinites have  thermodynamical functions similar to
natural kaolinites     Fialips et al. Amer. Miner., 86, 304-311, 2001

Fialips et al. (2000) Clays & Clay Min., 48, 173-18



admixture

adsorption

substitution

Fe3+ status

Si2 Al2 O5 (OH)4

Si2 Al2-x Fe3+x O5 (OH)4
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Petit & Decarreau (1990) Clay Min., 25, 181-196 :

   - It is possible to synthesize Fe3+-kaolinite ( x < 0.3)
   - Fe3+-Al substitutions are well evidenced by FTIR
                  (AlFe3+OH band)



OH

Wavenumber    (cm-1 )
     7200       7000                4600         4400

A
bs

or
ba

nc
e

2νAl2OH

2νAlFe3+OH (ν + δ) AlFe3+OH

(ν + δ) Al2OH

FTIR spectra (NIR region)

Petit et al. (1999) Clays & Clay Min., 47, 103-108.

Si2 Al2-x Fe3+x O5 (OH)4

x
0.2
0

7018
4466
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- There is no correlation between iron content
     and kaolinite crystallinity
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   - It is possible to synthesize Fe3+-kaolinite ( x < 0.3)
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- There is no correlation between iron content
     and kaolinite crystallinity

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10 :
   - It is possible to synthesize kaolinite with a higher
level of Fe3+-Al substitutions ( x = 0.28, 0.42, 0.55)



2 7 12 17 22 27 32 37 42 47 52 57 62 67

(131)
(1-31)
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(001)
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22522

22523

22521

x

0.55

0.42

0.28

(060) LiF
1.4973 Å

1.4960 Å

1.4934 Å

°2θ Cu

Si2 Al2-x Fe3+x O5 (OH)4

x = 0.28, 0.42, 0.55
pHf = 5, 60 days, 225 °C

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »



Si2 Al2-x Fe3+x O5 (OH)4
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Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.
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Why Fe contents are so low in natural kaolinites ?



Si2 Al2-x Fe3+x O5 (OH)4

x = 0.28, 0.42, 0.55
pHf = 5, 60 days, 225 °C

Iriarte et al. (2005) Clays & Clay Min., 53, 1-10.

Iriarte Iriarte et al.et al. (2005) (2005) (060) LiF
1.4973 Å

1.4960 Å

1.4934 Å

°2θ Cu

x
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Why Fe contents are so low in natural kaolinites ?

Study the kaolinite-iron experimental system versus pH
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Beidellite Nontronite

Tetrahedral charge

(Theoretical)

Montmorillonite

Octahedral charge

Fe3+-Montmorillonite
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nontronite

« Colloque Minéralogie environnementale - Académie des sciences - 14-15 septembre 2009 »

Fe3+- nontronite
(Si 3.25 Fe3+

0.75)  Fe3+
2 O10 (OH)2 M+

0.75

Decarreau et al., Clays Clay Min., 322-337, 2008



- High-charge Fe3+- nontronites were synthesized from 75 to 150°C.

Decarreau et al., Clays Clay Min., 322-337, 2008

(Si 3.25 Fe3+
0.75)  Fe3+

2 O10 (OH)2 M+
0.75 
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- High-charge Fe3+- nontronites were synthesized from 75 to 150°C.
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Decarreau et al., Eur. J. Min., 85-90, 2004

- The range of  synthesis pH is narrow (12 to 12.5)
         - at lower pH hematite or hisingerite are formed
         - at higher pH and for temperatures >180°C aegirine
           is formed

(Si 3.25 Fe3+
0.75)  Fe3+

2 O10 (OH)2 M+
0.75



- High-charge Fe3+- nontronites were synthesized from 75 to 150°C.

Decarreau et al., Clays Clay Min., 322-337, 2008

(Si 3.25 Fe3+
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2 O10 (OH)2 M+
0.75 
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Decarreau et al., Eur. J. Min., 85-90, 2004

- The range of  synthesis pH is narrow (12 to 12.5)
         - at lower pH hematite or hisingerite are formed
         - at higher pH and for temperatures >180°C aegirine
           is formed

(Si 3.25 Fe3+
0.75)  Fe3+

2 O10 (OH)2 M+
0.75

- The expandability of the nontronites is linked to their « crystallinity »
  (Tsynth) and ranges from smectite to vermiculite-like behavior

T
(°C)

EG - Na
(Å)

EG - Ca
(Å)

Alkylammonium
(12C) (Å)

Perm. charge
(half unit cell)

75 15.3 (17) 23.8 0.75
90 15.8 16.53 23.8 0.75

100 16.54 16.17 23.8 0.75
110 14.86 16.04 23.8 0.75
125 12.54 15.83 23.8 0.75
150 12.54 15.48 23.8 0.75



(Theoretical)

Fe3+- nontronite
(Si (4-x) Fe3+

x)  Fe3+
2 O10 (OH)2 M+

x

nontronite
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(Si (4-x) Al, Fe3+
x)  Fe3+

2 O10 (OH)2 M+
x

             IV               VI

Andrieux & Petit (2009)
Applied Clay Science, in review.



(Theoretical)

Fe3+- nontronite
(Si (4-x) Fe3+
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(Si (4-x) Al, Fe3+
x)  Fe3+

2 O10 (OH)2 M+
x

             IV               VI

Andrieux & Petit (2009)
Applied Clay Science, in review.

(Si (4-x) Alx)  (Al, Fe3+
 ) 2 O10 (OH)2 M+

xBeidellite



Many trials …. and errors !

Gel Si4AlFeO11

Gel Si4Al0,4Fe1,6O11

Gel Si4Al0,2Fe1,8O11

Smectite752006.736.3Fe2+23

Smectite142008.659.2Fe2+22

Smectite1420010.886.9*Fe2+21

Smectite1420010.426.1*Fe2+20

Smectite7520010.398.4Fe2+19

Smectite + analcime1320011.5110.9Fe2+18

Zeolite3020010.7410.6Fe3+17

Akaganeite752008.3011.7*Fe2+16

Akaganeite752005.266.0Fe2+15

Smectite7520010.7110.3Fe2+14

Smectite+analcime+ aegirine1322010.8111.1Fe2+13

Smectite + analcime1320011.2710.7Fe2+12

Smectite +zeolite1317011.5910.9Fe2+11

Hisingerite1322010.2310.5Fe3+10

Hisingerite1320010.2310.5Fe3+9

Hisingerite1317010.1210.4Fe3+8

Smectite +analcime +aegirine7520010.6610.7Fe2+7

Smectite +analcime +aegirine7517010.7810.9Fe2+6

Smectite + analcime751501110.7Fe2+5

Smectite + aegirine1322010.2810.4Fe3+4

Smectite1320010.6810.6Fe3+3

Smectite3017010.8110.5Fe3+2

Smectite3015010.8210.5Fe3+1

Crystallized productTime
(days)T (°C)pHfpHi

FeCl3
/FeCl2

N°

Gel Si4Al1,8Fe0,2O11

Gel Si3,4Al0,8Fe1,6O11

Gel Si3,4Al0,6Fe2O11

Gel Si3,6Al0,4Fe2O11

Gel Si4AlFeO11

Analcime+aegerine+zeolite7520010.1712.8*Fe2+24

Smectite142007.728.4*Fe2+25

Smectite142007.797.5*Fe2+26

Zeolite3022010.389.5Fe3+29

Smectite132209.99.8Fe2+44

Smectite1320010.89.8Fe2+43

Smectite132209.38.7Fe2+42

Smectite132009.78.7Fe2+41

Smectite + analcime1320010.210.2Fe2+40

Smectite1315010.510.2Fe2+39

Akaganeite1320010.212.3*Fe3+38

Akaganeite + kaolinite132002.54.8Fe3+37

Akaganeite131503.04.7Fe3+36

Smectite + kaolinite752207.712.4*Fe2+35

Kaolinite752205.06.6Fe2+34

Smectite142409.57.4Fe2+33

Smectite + analcime752207.311.9*Fe2+32

Smectite752209.37.4Fe2+31

Smectite + zeolite1322011.09.7Fe2+30

Crystallized productTime
(days)T (°C)pHfpHi

FeCl3
/FeCl2

N°
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10.510.2Fe2+131503.6/0.4/2S9

9.78.7Fe2+132003.4/0.6/2S10

9.38.7Fe2+132203.4/0.6/2S11
10.89.8Fe2+132003.6/0.8/1.6S12
9.99.8Fe2+132203.6/0.8/1.6S13

9.37.4Fe2+752204/1.8/0.2S8
6.76.3Fe2+752004/1/1S6

10.48.4Fe2+752004/1/1S5

10.710.3Fe2+752004/0.4/1.6S4

10.710.5Fe3+132004/0.2/1.8S3

10.810.5Fe3+301704/0.2/1.8S2
10.810.5Fe3+301504/0.2/1.8S1

pHfpHiFeCl3
/FeCl2

Time
(days)

Temp. (°C)gel
(Si/Al/Fe)

Sample

Successfull smectite syntheses
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XRD powder patterns
001 (12.5 Å)

02-11 (4.5 Å)
004 (3.1 Å)

06-33

13-20 (2.6 Å) (1.53 – 1.49 Å)
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/FeCl2
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Sample

Successfull smectite syntheses
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1.49 Å
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- To determine the experimental conditions which led to
mineral crystallization (in very simplified systems) 

to constrain possible conditions of formation for
            those minerals
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pH conditions strongly control crystal-chemistry of synthesized clays



- To determine the experimental conditions which led to
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pH conditions strongly control crystal-chemistry of synthesized clays

- To obtain good reference minerals with monitored
 crystal chemistry

 to use them for spectroscopic fingerprints

to use them for laboratory experiments
(redox, sorption ...)

to use them for in situ experiments


