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6. Typical chemical analysis

Element V\(;/z:ig)r/\t
SiO, 3810 46
Al.O, 10 to 16
MgO 16 to 35
CaO 1to5
K.O 1t06
Fe.O, 6to 13
TiO, 1to3
H,O 8 to 16

Other 0.2to 1.2



Typical physical properties of exfoliated vermiculite

Color: Light to dark brown
Shape: Accordion-shaped granule
o 64-160 kg/m®
Bulk density : 410 Ib/ft
Moisture loss at 110°C 0
(230°F): 4to010 %
pH (in water): 6t09
MOH Hardness: lto?2

1150 to 1250°C

Sintering temperature: 2100 to 2280°F

Cation exchange capacity 50 to 100 meq100g

0.84 to 1.08 kJ/kgK
Specific heat: 0.20 to 0.26 kcal/kgK
0.20 to 0.26 Btu/lb F

220 to 325% by weight

Water holding capacity : 20 to 50% by volume
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2. PYROPHYLLITE - TALC GROUP:

This group comprising 2:1 (T>0>T>) layer minerals, devoid of cationic substitutions or
charge deficit (x=0). The minerals therefore present a high structural stability. Pyrophyllite
represents the dioctahedral type whereas talc represents the trioctahedral. Both minerals result from
hydrothermal or diagenetic processes.

Pyrophyllite  Al, Si; O15 (OH),
Talc Mgs Sis O10 (OH),

Table: Classification of major 1:1 clay minerals (After Caillere et al., 1982)
1:1 layer type (T.O.)

Dioctahedral Trioctahedral
I I | I
Te=4Si Te=4Si Te<4Si
Oc=12/12 Oc=12/12 0c>12/12

| I | | |
Stable spacing Variable spacing Stable spacing Stable spacing
Kaolinite (Al) Halloysite(Al) Antigorite (Mg) Cronstedtite (Fe**,Fe*")
Nacrite (Al) Chrysotile (Mg) Berthierine (Al,Fe*")
Dickite (Al) Lizardite (Mg,Al) Amesite (Al,Mg)
Fireclay (Al) Greenalite (Fe**,Mg,Mn)

3. MICA GROUP:

The mica structure consists of 2:1 layer marked by noticeable substitutions, and by strong

negative charges neutralized by large univalent interlayer cations. The layer charge (x~1) results

from:

. Substitution of trivalent cations (R**) for Si** in tetrahedral positions.
. Substitution of univalent (R™) or divalent (R*") for R* or R*".

. Vacancies in octahedral positions.

Most of interlayer cations are univalent and associated with no or only few molecules of water. This
broad group is characterized by a stable spacing on X-ray diagrams and well-shaped but irregular
edged on electron micrographs. It includes both dioctahedral and trioctahedral minerals. Most of the
species are encountered in clayey, silty and sandy fractions of sedimentary rocks. The general

formula of mica is:



X2 Ya6 Z3 Oy (OH, F)4

X —Na, K, Ca (also Ba, Rb, Cs etc.) in 12-fold coordination.
Y - Al, Mg, Fe (Mn, Cr, Ti, Li etc.) in 8-fold coordination.
Z —Si or Al (perhaps Fe**, Ti) in 4-fold coordination.

Subdivision of micas into dioctahedral and trioctahedral depends on the number of Y-ions

(i.e. whether four-dioctahedral or six- triocthedral coordination). Nevertheless mica group and

brittle mica group are divided according to the X-ion, in the common micas X is largely K or Na,

but the so-called brittle mica is largely Ca.

Class Nature of Name of mineral X Y Z
octahedral layer
Common MuscoviteK, Al, Sig Alp
micas Paragonite Na, Al, SigAl,
Glauconite (K,N@)1.2-20 (Fe,Mg,Al)s | Siz76Al104
Dioctahedral
Brittle Margarite Ca, Al, Si, Al
micas
Common Phlogopite K, (Mg,Fe)s Sig Al
micas Biotite K, (Mg,Fe,Al)g | SigsAlys
Trioctahedral Zinwaldite K, (Fe,Li,Alg Sig.5 Alys
Lepidolite K, (Li,Als6 Sigs Alog
Brittle mica$ Clintonite Ca, (Mg,Al)s Siy5 Als s

General formula for the dioctahedral micas is:

(K,Na,H,0) (AI,Fe3+)2_X(Mg,Fe2+) (Si2+xA|1-x)Olo (OH),

Octahedral Tetrahedral Anion

group

Interlayer

Examples:
Muscovite (stable polytype)
K Al (SizAl) Oy (OH);
Phengite
K (AlLsR*5) (SizsAlgs) O1o (OH),
Glauconite
R 0.78(Fe* 101 Alas Mo 3o F€*'02)2.05 (Sizes Alos) O10 (OH),
Celadonite
R 083(Fe* 072 Alo.as MJoes Fe*0.21)2.05 (Sizsr Alo.19) O10 (OH)2




Muscovite and phengite chiefly originate from metamorphic and silica-rich igneous rocks.
Glauconite forms a large part of the green granules present on the upper part of the continental
margins. Celadonite is an iron-rich mica-like glauconite, with less significant tetrahedral
substitution; it constitutes an alteration product of volcanic rocks.

The general formula of the trioctahedral micas is:
Kiyeze [(MgFe™)ay. Ry #:] (SiaxRi*)O10 (OH,F),
Interlayer Octahedra Tetrahedra Anionic group

# - means vacancy of positive charge
X,y,Z — means rate of substitution in tetrahedral or octahedral sheets.
Examples:
Phlogopite
(Ko.gsNao.o4cao.o3)(M92.77Fez+o.1oTio.11)(Si2.88A|1.12)010(OH)1.49F0.51
Biotite
(K0-78Nao.1GBaO.02)(Mg1.68Fez+0.71Fe3+0.19Ti0.34A|0.19MnO.Ol)(Si2.86A|1.14)011.12(OH)0.71F0.17

Biotite, a very common mineral, and phlogopite, mainly issue from ferromagnesian

crystalline rocks.

O Oxygens, @ Hydroxyls, . Aluminum, O Potassium
O and @ Silicons {one fourth replaced by aluminums)

Fic. 2-8. Diagrammatic sketch of the structure of ntuscovite, after Jackson and
West (1930). ’

Ilite - Illite is the name geologists usually give to the micaceous mineral present in the

clay-sized fraction of sedimentary rocks. Statistically illite is predominantly of dioctahedral



type close to muscovite, because muscovite is a very common mineral and one of the more

stable micas. Nevertheless illite generally contains more Si, Mg, H,O and less K than the

ideal muscovite. In fact the term illite can dsignate all types of small micas, and sometimes
corresponds to a mixture of micaceous minerals of different origins. The dominant type of
sedimentary illites can often be determined by using roentgengraphic, electron microscope

and microchemical techniques.

4. BRITTLE MICAS:

Brittle micas differ from true micas by a higher layer charge (-2 per formula unit
instead —1), and by divalent compensation cations in interlayers instead of univalent ones.
They result from the erosion and alteration of crystalline schists. They are rarely
incorporated in the clay-sized fraction of sedimentary rocks, because of their resistance to
fragmentation and low abundance at the surface of the Earth. Brittle micas comprise both
dioctahedral and trioctahedral types.

Margarite: Ca Al, (Si,Al,) 015 (OH),

Clintonite: Ca (Mg,Al) (SiAls) Oy (OH)

5. VERMICULITE GROUP:

Vermiculites are T.O.T. minerals with water associated with cations in the interlayer,
determining a basal spacing close to 14 A. The water molecules are strongly linked to the layer
structure (layer charge>0.6), which considerably limits the possibilities of expandability. Most
macroscopic vermiculites are of a trioctahedral type and result from alteration of mica or chlorite.
Example: Mgs (SisAl) O10 (OH), Mgos (H20),

Clay-sized vermiculites can be either trioctahedral, and result from pedogenesis or diagenesis.

6. SMECTITE GROUP:

Smectite constitute large group of T.O.T. minerals, marked by a low layer charge (x<0.6).
This characteristic determines a weakness of the linkage between the different layers of a given
particle, and allows considerable swelling phenomena as well as possibilities of rotation. The
interlayers are occupied by cations (mainly Na, K, or Ca) and by one to several layers of water
(basal spacing from 10 to 18 A). The shape of smectites varies according to the conditions of
genesis: flakes, curls, laths of different sizes, etc. Smectite minerals may form in different chemical
environments, most of them being surficial soils or sediments. This is the reason why they are
present in various chemical compositions, in both dioctahedral and trioctahedral subgroups.
Octahedral substitutions are very frequent, tetrahedral substitutions occur commonly.
Examples:

Dioctahedral smectites (Al, Al-Fe or Fe smectites)




Montmorillonite

Nayg 33 (Al1.67Mgo.33) Sis O19 (OH),. nH,O
Beidellite

Nao 36 (A|1.46F93+o.50|\/|go.o4) (Siz64Alg.36) O10 (OH),. NH,0O
Nontronite

Ko.a3 (F€**1.61Al0.39) (Siag7Alg33) O10 (OH), . nH,0
Trioctahedral smectites (Mg smectites):

Stevensite

Nao 16 (M02.92#0.08) Sis O10 (OH),. nH,O
Saponite

Nay 33 Mgs (Size7Alo33) O10 (OH), . NH,O
Hectorite

Nag 33 (MQ267L1033) Sis O10 (OH), . nH;0

ey

: =y "'" O
5 - .—-—-—
.‘. E
T r-—x.:}

______________

nH,0

O Owxygens @ Hydroxyls . Aluminum, iron, magnesium

Q and @ Silicon, vccasionally aluminum

Fig. 27. Diagrammatic skerch of the structure of montmorillonite, according
1o Holmann, Endell, and Wilm (1933); Marshall {1935); and Hendricks (1942).

Table : Classification of major 2:1 dioctahedral clay minerals (after Caillére et al., 1982).

2:1 layer type T.O.T.
Dioctahedral

Te=8Si Te <8 Si
| | | | |
Stable spacing VariaTIe spacing V?riable spacing
|
Pyrophyllite |Montmorillonite Beidellite (Al,Fe) Dioqtahedral Muscovite

|
Stable spacing



(Al (A Nontronite (Fe**) vermiculite (Al) Ilite
Sericite }ALK
Damouzite

Smectites Paragonite (Al,Na)
Galauconite (Al,Fe)
Celadonite (Al,Fe)

Table :Classification of major 2:1 trioctahedral clay minerals (after Caillere et al., 1982).

2:1 layer type T.O.T.
Trioctahedral

Te=8Si Te <8 Si
I | I I | I
Stable spacing Varialﬁle spacing VzTriabIe spacing Stable spacing
|
Talc (Mg) Stevensite (Mg)  Saponite (Mg) Batavite (Mg) Phlogopite (Mg)
Minnesotaite Hectorite(Mg,Li) Bowlingite(Mg,Fe) Nickeliferous Ledikite
(Mg,Fe*) Sauconite (Mg,Zn) vermiculites  Biotite }(Mg,Fe,K)
Ilite
Lepidolite
Smectites

7. CHLORITE GROUP:

Chlorites are considered either as a 2:1 layer group with a hydroxide interlayer, or as a 2:1:1
layer group. Their typical structure shows a regular alternation of negatively charged trioctahedral
micaceous layers and of positively charged octahedral sheet. The basal spacing of the structure unit
is close to 14 A; it is invariable for true chlorites, because T.O.T. layers and O interlayers are
strongly bound. The tetrahedral substitution of Al for Si induces a variable charge deficit, which is
partly compensated by an excess of charge in the interlayer octahedral sheet (“brucite sheet”) and
perhaps in the layer octahedra. A few chlorites, however, are typically dioctahedral (aluminous,
i.e., dombassite), and some species present a combination of dioctahedral layers and trioctahedral
hydroxide interlayers (cookeite,sudoite). Chlorites generally display flat particles of various sizes
(from <1pm to >1mm), with well-defined outlines and sometimes polygonal edges. They chiefly
originate from crystalline igneous or metamorphic rocks, or from the alternation of some volcanic
rocks.



O Oxygen @ Hydrouyls
© and @ Silicon, occadanally aluminum
® M lum, some repl d by abymi and iron

. Ragnasivm, on

Fic. 29. Diagrammatic sketch of the structure of chlorite, after McMurchy

(1934).

Examples of simplified formulas:

Name Interlayer Layer Tetrahddra Anion
octahedra octahefdra

Chlorite s.s. (MgsyAliFe*))  Mgs (SisAlY) O10 (OH

Dombassite Alyas Al, (Sis Al Oy (OH

Sudoite (Mg23 Alg7) Al, (Sizz Alp7) O (OH)g

Iron-rich chlorites, or char

nosites, occur

commonly in

iron-ore deposits. Their x-ray

diffraction patterns differ from those of ferriferous kaolinite (berthierine) by the presence of a small

(001) reflection (14A) and from those of true chlorite by the increasing height of this reflection

after heating.

Swelling chlorites or pseudo-chlorites expand like smectites when

immersed in water or ethylene glycol, but resist heating like chlorites. They appear to represent an

alternation of smectitic layers and octahedral brucitic sheets.

8. PALYGORSKITE - SEPIOLIT

E GROUP:

Often called fibrous clays or pseudo-layered clays. Palygorskite and sepiolite consist of

bundles of well-defined and elongated fibers or laths. Their structure comprises continuous

7



tetrahedral sheets forming a hexagonal-mesh arrangement (Si,O), alternating with discontinuous
octahedral sheets (Mg, O, OH) extending in a single direction and forming ribbons. The ribbon
structure is responsible for the fibrous shape of the clay particles. The ribbons are alternately
arranged above and below the continuous hexagonal sheet of tetrahedra, the transverse section
resembling a hollow brick structure. The empty spaces are filled with zeolitic water. Palygorskite
and speiolite are both magnesium-rich clay minerals, differing from each other by width of inverted
ribbons (broader for sepiolite) and by specific chemical characters. Palygorskite is less magnesian
and presents more structural diversity than sepiolite. The substitution lead to incorporating Al in
tetrahedra, and Al for Fe in octahedra. Xylotile is a sepiolite in which Mg is partly replaced by Fe*.
All fibrous clays form under surficial conditions in soils or sediments.
Palygorskite

(Mgs.,. R** #,) (SigxR>) Oz (OH)4. R* (iys20y/ 2(H20)4
Sepiolite

(May2R™"y #,) (Siz2xR%") Os0 (OH)s . R¥'yuzzy / 2(H20)g

R¥* = ALFe** . R*=Mg

TR OO OO0 %
. { :E @ @ \

1 ]
Ly

1

Lt xl ‘l)‘ PN /@
00 WXy wx OO
ofolels

1294

— a sin /7

0
! b=180A - ',
O H,0 {3 Hydroxyl O Mgor Al
Q oH, (O Oxygen @ Siticon

Attapulgite (OH,), (OH), Mg, SigQ,, - 41,0

Schematic presentation of the structure of attapulgite, after Bradley
(190).



9. MIXED-LAYERS:

Mixed-layered or interstratified clays refer to remarkable phyllosilicate structures,
characterized by a vertical stacking sequence of two or more types of single layers. The layers
involved can be of 2:1, 2:1:1 and even 1:1 types. The possibility of mixed layering results from the
rather weak chemical and structural linkage existing between the successive layers in a given clay
particle. As the basal surfaces of all different types of clay layers present similar sheets of oxygen
and hydroxyl arranged in a hexagonal mesh, layers with different internal arrangements can stack
together and still keep mobile interfaces. Such structural features are almost unique in the
mineralogical range and are responsible for the common occurrence of mixed-layered clay
minerals. Most mixed-layers can be considered as clay species intermediate between two single
clay minerals. They mainly form through weathering or middle-late diagenesis, but also
characterize some hydrothermal and sedimentary environments. Three main types of
interstratification are recognized:

1) A periodic alternation of layers of two types A and B refers to regular or ordered mixed-
layers:

ABABABAB..... or AABAABAABAAB.....

These minerals show well-defined reflections on x-ray diagrams and tend to be given

specific names: hydrobiotite for illite-vermiculite, corrensite for chlorite-smectite, etc.

Sometimes they are called by linking the name of both their components (e.g. regular illite-

smectite, regular kaolinite-smectite).

2) A random alternation of each type of layer corresponds to irregular and randomly mixed-

layered clays:
AABABBBAAABAABA
This group often corresponds to poorly defined x-ray diffraction patterns, with dome-,
plateau- or wedge-like shapes, and locations at intermediate positions between those of the
single minerals involved. The random mixed-layers are very common and develop
particularly in soil profiles. They include both two- and three-component systems,
identified by using reference charts and curves. They are labeled by the types of layers
responsible for the interstratification.

Examples are:

Irregular illite-vermiculite
Irregular smectite-vermiculite
3) Partially ordered structures appear to exist, especially in some soils. Intermediate between

both former types, they are little known and not specifically labeled.

Table : Examples of mixed-layer clay minerals.



Layer types

Specific name

1) Regular or subregular alternation of two layer types:

Muscovite-montmorillonite
Illite-smectite
Glauconite-smectite
Chlorite-smectite
Dioctahedral chlorite-smectite
Mica-vermiculite
Talc-saponite
Kaolinite-smectite

2) Irregular alternation of two layer types:
Illite-smectite
Glauconite-smectite
Mica-vermiculite
Mica-chlorite
Mica-dioctahedral chlorite
Smectite-chlorite
Chlorite-vermiculite
Kaolinite-smectite

3) Three-component systems:
Illite-chlorite-smectite
Illite-smectite-vermiculite

Rectorite (allevardite)
Bravaisite

Corrensite
Tosudite

Hydrobiotite
Aliettite

10
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2. PYROPHYLLITE - TALC GROUP:

This group comprising 2:1 (T>0>T>) layer minerals, devoid of cationic substitutions or
charge deficit (x=0). The minerals therefore present a high structural stability. Pyrophyllite
represents the dioctahedral type whereas talc represents the trioctahedral. Both minerals result from
hydrothermal or diagenetic processes.

Pyrophyllite  Al, Si; O15 (OH),
Talc Mgs Sis O10 (OH),

Table: Classification of major 1:1 clay minerals (After Caillere et al., 1982)
1:1 layer type (T.O.)

Dioctahedral Trioctahedral
I I | I
Te=4Si Te=4Si Te<4Si
Oc=12/12 Oc=12/12 0c>12/12

| I | | |
Stable spacing Variable spacing Stable spacing Stable spacing
Kaolinite (Al) Halloysite(Al) Antigorite (Mg) Cronstedtite (Fe**,Fe*")
Nacrite (Al) Chrysotile (Mg) Berthierine (Al,Fe*")
Dickite (Al) Lizardite (Mg,Al) Amesite (Al,Mg)
Fireclay (Al) Greenalite (Fe**,Mg,Mn)

3. MICA GROUP:

The mica structure consists of 2:1 layer marked by noticeable substitutions, and by strong

negative charges neutralized by large univalent interlayer cations. The layer charge (x~1) results

from:

. Substitution of trivalent cations (R**) for Si** in tetrahedral positions.
. Substitution of univalent (R™) or divalent (R*") for R* or R*".

. Vacancies in octahedral positions.

Most of interlayer cations are univalent and associated with no or only few molecules of water. This
broad group is characterized by a stable spacing on X-ray diagrams and well-shaped but irregular
edged on electron micrographs. It includes both dioctahedral and trioctahedral minerals. Most of the
species are encountered in clayey, silty and sandy fractions of sedimentary rocks. The general

formula of mica is:



X2 Ya6 Z3 Oy (OH, F)4

X —Na, K, Ca (also Ba, Rb, Cs etc.) in 12-fold coordination.
Y - Al, Mg, Fe (Mn, Cr, Ti, Li etc.) in 8-fold coordination.
Z —Si or Al (perhaps Fe**, Ti) in 4-fold coordination.

Subdivision of micas into dioctahedral and trioctahedral depends on the number of Y-ions

(i.e. whether four-dioctahedral or six- triocthedral coordination). Nevertheless mica group and

brittle mica group are divided according to the X-ion, in the common micas X is largely K or Na,

but the so-called brittle mica is largely Ca.

Class Nature of Name of mineral X Y Z
octahedral layer
Common MuscoviteK, Al, Sig Alp
micas Paragonite Na, Al, SigAl,
Glauconite (K,N@)1.2-20 (Fe,Mg,Al)s | Siz76Al104
Dioctahedral
Brittle Margarite Ca, Al, Si, Al
micas
Common Phlogopite K, (Mg,Fe)s Sig Al
micas Biotite K, (Mg,Fe,Al)g | SigsAlys
Trioctahedral Zinwaldite K, (Fe,Li,Alg Sig.5 Alys
Lepidolite K, (Li,Als6 Sigs Alog
Brittle mica$ Clintonite Ca, (Mg,Al)s Siy5 Als s

General formula for the dioctahedral micas is:

(K,Na,H,0) (AI,Fe3+)2_X(Mg,Fe2+) (Si2+xA|1-x)Olo (OH),

Octahedral Tetrahedral Anion

group

Interlayer

Examples:
Muscovite (stable polytype)
K Al (SizAl) Oy (OH);
Phengite
K (AlLsR*5) (SizsAlgs) O1o (OH),
Glauconite
R 0.78(Fe* 101 Alas Mo 3o F€*'02)2.05 (Sizes Alos) O10 (OH),
Celadonite
R 083(Fe* 072 Alo.as MJoes Fe*0.21)2.05 (Sizsr Alo.19) O10 (OH)2




Muscovite and phengite chiefly originate from metamorphic and silica-rich igneous rocks.
Glauconite forms a large part of the green granules present on the upper part of the continental
margins. Celadonite is an iron-rich mica-like glauconite, with less significant tetrahedral
substitution; it constitutes an alteration product of volcanic rocks.

The general formula of the trioctahedral micas is:
Kiyeze [(MgFe™)ay. Ry #:] (SiaxRi*)O10 (OH,F),
Interlayer Octahedra Tetrahedra Anionic group

# - means vacancy of positive charge
X,y,Z — means rate of substitution in tetrahedral or octahedral sheets.
Examples:
Phlogopite
(Ko.gsNao.o4cao.o3)(M92.77Fez+o.1oTio.11)(Si2.88A|1.12)010(OH)1.49F0.51
Biotite
(K0-78Nao.1GBaO.02)(Mg1.68Fez+0.71Fe3+0.19Ti0.34A|0.19MnO.Ol)(Si2.86A|1.14)011.12(OH)0.71F0.17

Biotite, a very common mineral, and phlogopite, mainly issue from ferromagnesian

crystalline rocks.

O Oxygens, @ Hydroxyls, . Aluminum, O Potassium
O and @ Silicons {one fourth replaced by aluminums)

Fic. 2-8. Diagrammatic sketch of the structure of ntuscovite, after Jackson and
West (1930). ’

Ilite - Illite is the name geologists usually give to the micaceous mineral present in the

clay-sized fraction of sedimentary rocks. Statistically illite is predominantly of dioctahedral



type close to muscovite, because muscovite is a very common mineral and one of the more

stable micas. Nevertheless illite generally contains more Si, Mg, H,O and less K than the

ideal muscovite. In fact the term illite can dsignate all types of small micas, and sometimes
corresponds to a mixture of micaceous minerals of different origins. The dominant type of
sedimentary illites can often be determined by using roentgengraphic, electron microscope

and microchemical techniques.

4. BRITTLE MICAS:

Brittle micas differ from true micas by a higher layer charge (-2 per formula unit
instead —1), and by divalent compensation cations in interlayers instead of univalent ones.
They result from the erosion and alteration of crystalline schists. They are rarely
incorporated in the clay-sized fraction of sedimentary rocks, because of their resistance to
fragmentation and low abundance at the surface of the Earth. Brittle micas comprise both
dioctahedral and trioctahedral types.

Margarite: Ca Al, (Si,Al,) 015 (OH),

Clintonite: Ca (Mg,Al) (SiAls) Oy (OH)

5. VERMICULITE GROUP:

Vermiculites are T.O.T. minerals with water associated with cations in the interlayer,
determining a basal spacing close to 14 A. The water molecules are strongly linked to the layer
structure (layer charge>0.6), which considerably limits the possibilities of expandability. Most
macroscopic vermiculites are of a trioctahedral type and result from alteration of mica or chlorite.
Example: Mgs (SisAl) O10 (OH), Mgos (H20),

Clay-sized vermiculites can be either trioctahedral, and result from pedogenesis or diagenesis.

6. SMECTITE GROUP:

Smectite constitute large group of T.O.T. minerals, marked by a low layer charge (x<0.6).
This characteristic determines a weakness of the linkage between the different layers of a given
particle, and allows considerable swelling phenomena as well as possibilities of rotation. The
interlayers are occupied by cations (mainly Na, K, or Ca) and by one to several layers of water
(basal spacing from 10 to 18 A). The shape of smectites varies according to the conditions of
genesis: flakes, curls, laths of different sizes, etc. Smectite minerals may form in different chemical
environments, most of them being surficial soils or sediments. This is the reason why they are
present in various chemical compositions, in both dioctahedral and trioctahedral subgroups.
Octahedral substitutions are very frequent, tetrahedral substitutions occur commonly.
Examples:

Dioctahedral smectites (Al, Al-Fe or Fe smectites)




Montmorillonite

Nayg 33 (Al1.67Mgo.33) Sis O19 (OH),. nH,O
Beidellite

Nao 36 (A|1.46F93+o.50|\/|go.o4) (Siz64Alg.36) O10 (OH),. NH,0O
Nontronite

Ko.a3 (F€**1.61Al0.39) (Siag7Alg33) O10 (OH), . nH,0
Trioctahedral smectites (Mg smectites):

Stevensite

Nao 16 (M02.92#0.08) Sis O10 (OH),. nH,O
Saponite

Nay 33 Mgs (Size7Alo33) O10 (OH), . NH,O
Hectorite

Nag 33 (MQ267L1033) Sis O10 (OH), . nH;0

ey

: =y "'" O
5 - .—-—-—
.‘. E
T r-—x.:}

______________

nH,0

O Owxygens @ Hydroxyls . Aluminum, iron, magnesium

Q and @ Silicon, vccasionally aluminum

Fig. 27. Diagrammatic skerch of the structure of montmorillonite, according
1o Holmann, Endell, and Wilm (1933); Marshall {1935); and Hendricks (1942).

Table : Classification of major 2:1 dioctahedral clay minerals (after Caillére et al., 1982).

2:1 layer type T.O.T.
Dioctahedral

Te=8Si Te <8 Si
| | | | |
Stable spacing VariaTIe spacing V?riable spacing
|
Pyrophyllite |Montmorillonite Beidellite (Al,Fe) Dioqtahedral Muscovite

|
Stable spacing



(Al (A Nontronite (Fe**) vermiculite (Al) Ilite
Sericite }ALK
Damouzite

Smectites Paragonite (Al,Na)
Galauconite (Al,Fe)
Celadonite (Al,Fe)

Table :Classification of major 2:1 trioctahedral clay minerals (after Caillere et al., 1982).

2:1 layer type T.O.T.
Trioctahedral

Te=8Si Te <8 Si
I | I I | I
Stable spacing Varialﬁle spacing VzTriabIe spacing Stable spacing
|
Talc (Mg) Stevensite (Mg)  Saponite (Mg) Batavite (Mg) Phlogopite (Mg)
Minnesotaite Hectorite(Mg,Li) Bowlingite(Mg,Fe) Nickeliferous Ledikite
(Mg,Fe*) Sauconite (Mg,Zn) vermiculites  Biotite }(Mg,Fe,K)
Ilite
Lepidolite
Smectites

7. CHLORITE GROUP:

Chlorites are considered either as a 2:1 layer group with a hydroxide interlayer, or as a 2:1:1
layer group. Their typical structure shows a regular alternation of negatively charged trioctahedral
micaceous layers and of positively charged octahedral sheet. The basal spacing of the structure unit
is close to 14 A; it is invariable for true chlorites, because T.O.T. layers and O interlayers are
strongly bound. The tetrahedral substitution of Al for Si induces a variable charge deficit, which is
partly compensated by an excess of charge in the interlayer octahedral sheet (“brucite sheet”) and
perhaps in the layer octahedra. A few chlorites, however, are typically dioctahedral (aluminous,
i.e., dombassite), and some species present a combination of dioctahedral layers and trioctahedral
hydroxide interlayers (cookeite,sudoite). Chlorites generally display flat particles of various sizes
(from <1pm to >1mm), with well-defined outlines and sometimes polygonal edges. They chiefly
originate from crystalline igneous or metamorphic rocks, or from the alternation of some volcanic
rocks.



O Oxygen @ Hydrouyls
© and @ Silicon, occadanally aluminum
® M lum, some repl d by abymi and iron

. Ragnasivm, on

Fic. 29. Diagrammatic sketch of the structure of chlorite, after McMurchy

(1934).

Examples of simplified formulas:

Name Interlayer Layer Tetrahddra Anion
octahedra octahefdra

Chlorite s.s. (MgsyAliFe*))  Mgs (SisAlY) O10 (OH

Dombassite Alyas Al, (Sis Al Oy (OH

Sudoite (Mg23 Alg7) Al, (Sizz Alp7) O (OH)g

Iron-rich chlorites, or char

nosites, occur

commonly in

iron-ore deposits. Their x-ray

diffraction patterns differ from those of ferriferous kaolinite (berthierine) by the presence of a small

(001) reflection (14A) and from those of true chlorite by the increasing height of this reflection

after heating.

Swelling chlorites or pseudo-chlorites expand like smectites when

immersed in water or ethylene glycol, but resist heating like chlorites. They appear to represent an

alternation of smectitic layers and octahedral brucitic sheets.

8. PALYGORSKITE - SEPIOLIT

E GROUP:

Often called fibrous clays or pseudo-layered clays. Palygorskite and sepiolite consist of

bundles of well-defined and elongated fibers or laths. Their structure comprises continuous

7



tetrahedral sheets forming a hexagonal-mesh arrangement (Si,O), alternating with discontinuous
octahedral sheets (Mg, O, OH) extending in a single direction and forming ribbons. The ribbon
structure is responsible for the fibrous shape of the clay particles. The ribbons are alternately
arranged above and below the continuous hexagonal sheet of tetrahedra, the transverse section
resembling a hollow brick structure. The empty spaces are filled with zeolitic water. Palygorskite
and speiolite are both magnesium-rich clay minerals, differing from each other by width of inverted
ribbons (broader for sepiolite) and by specific chemical characters. Palygorskite is less magnesian
and presents more structural diversity than sepiolite. The substitution lead to incorporating Al in
tetrahedra, and Al for Fe in octahedra. Xylotile is a sepiolite in which Mg is partly replaced by Fe*.
All fibrous clays form under surficial conditions in soils or sediments.
Palygorskite

(Mgs.,. R** #,) (SigxR>) Oz (OH)4. R* (iys20y/ 2(H20)4
Sepiolite

(May2R™"y #,) (Siz2xR%") Os0 (OH)s . R¥'yuzzy / 2(H20)g

R¥* = ALFe** . R*=Mg

TR OO OO0 %
. { :E @ @ \

1 ]
Ly

1

Lt xl ‘l)‘ PN /@
00 WXy wx OO
ofolels

1294

— a sin /7

0
! b=180A - ',
O H,0 {3 Hydroxyl O Mgor Al
Q oH, (O Oxygen @ Siticon

Attapulgite (OH,), (OH), Mg, SigQ,, - 41,0

Schematic presentation of the structure of attapulgite, after Bradley
(190).



9. MIXED-LAYERS:

Mixed-layered or interstratified clays refer to remarkable phyllosilicate structures,
characterized by a vertical stacking sequence of two or more types of single layers. The layers
involved can be of 2:1, 2:1:1 and even 1:1 types. The possibility of mixed layering results from the
rather weak chemical and structural linkage existing between the successive layers in a given clay
particle. As the basal surfaces of all different types of clay layers present similar sheets of oxygen
and hydroxyl arranged in a hexagonal mesh, layers with different internal arrangements can stack
together and still keep mobile interfaces. Such structural features are almost unique in the
mineralogical range and are responsible for the common occurrence of mixed-layered clay
minerals. Most mixed-layers can be considered as clay species intermediate between two single
clay minerals. They mainly form through weathering or middle-late diagenesis, but also
characterize some hydrothermal and sedimentary environments. Three main types of
interstratification are recognized:

1) A periodic alternation of layers of two types A and B refers to regular or ordered mixed-
layers:

ABABABAB..... or AABAABAABAAB.....

These minerals show well-defined reflections on x-ray diagrams and tend to be given

specific names: hydrobiotite for illite-vermiculite, corrensite for chlorite-smectite, etc.

Sometimes they are called by linking the name of both their components (e.g. regular illite-

smectite, regular kaolinite-smectite).

2) A random alternation of each type of layer corresponds to irregular and randomly mixed-

layered clays:
AABABBBAAABAABA
This group often corresponds to poorly defined x-ray diffraction patterns, with dome-,
plateau- or wedge-like shapes, and locations at intermediate positions between those of the
single minerals involved. The random mixed-layers are very common and develop
particularly in soil profiles. They include both two- and three-component systems,
identified by using reference charts and curves. They are labeled by the types of layers
responsible for the interstratification.

Examples are:

Irregular illite-vermiculite
Irregular smectite-vermiculite
3) Partially ordered structures appear to exist, especially in some soils. Intermediate between

both former types, they are little known and not specifically labeled.

Table : Examples of mixed-layer clay minerals.



Layer types

Specific name

1) Regular or subregular alternation of two layer types:

Muscovite-montmorillonite
Illite-smectite
Glauconite-smectite
Chlorite-smectite
Dioctahedral chlorite-smectite
Mica-vermiculite
Talc-saponite
Kaolinite-smectite

2) Irregular alternation of two layer types:
Illite-smectite
Glauconite-smectite
Mica-vermiculite
Mica-chlorite
Mica-dioctahedral chlorite
Smectite-chlorite
Chlorite-vermiculite
Kaolinite-smectite

3) Three-component systems:
Illite-chlorite-smectite
Illite-smectite-vermiculite

Rectorite (allevardite)
Bravaisite

Corrensite
Tosudite

Hydrobiotite
Aliettite

10
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Clay minerals (phyllosilicates) 1:1




Clay minerals (phyllosilicates) 2:1




Clay minerals (phyllosilicates) 2:1:1




Structure of a clay mineral crystal

external
surfaces

layer or lamella

internal surfaces /
~ crystal

basal spacing, d

t

Interlayer space




Clay mineral 1:1 (crystal)

octahedral sheet

tetrahedral sheet
0.72 nm
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caolinite



Clay mineral 2:1 (crystal)

0.93 nm

van der Waals forces

pyrophillite, talc



Interlayer cations: Na, Ca, etc.

Clay mineral 2:1
(crystal)

basal spacing
(d), variable:
1.0-4.0 nm

smectite (montmorillonite)



Interlayer cations: Na, Ca, etc.

Clay mineral 2:1
(crystal)

1.43 nm

vermiculite



Clay mineral
2:1 (crystal)

1.0 nm

interlayer cations

mica (muscovite)



Clay mineral
2:1:1 (crystal)

1.4 nm

chlorite
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Variable Charge and pH

Acid condition Neutral condition Alkaline condition
OH OH OH
Si / Si / Si /
Y 2H" Y 20H" 1,
Now &2 Naw 2N
Al / Al / Al /
\H AN AN
OH OH OH
+Ys A Yo
pK,=5.0 pK,=7.0 pK,=9.5

Al(OH,)™ (Al-OH-Si)*12 Si-OH
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The mineral fraction reaches up
to 50% in volume of most soills.
It Is organized in particles,
whose surfaces retain and
exchange chemical elements
and nutrients (cations and
anions) by means of complex
physical and chemical
mechanisms.

Soil particles present various sizes
ranging from boulders and stones to
sand grains and clay minerals. Arbitrary
conventions divide soils in 2 fractions:
Skeleton: @ > 2 mm

Fine earth (terrafina): @ > 2 mm



Attemberg scale for particle diameters.

clay silt fine sand | coarse sand | skeleton
0.002 0.02 0.2 2 mm
0.002 0.05 0.5 2 mm

argilloso

arg.
limoso

A i medio arg. =
. Mecio a9 \tend. limoso
medio arg.

di grana
] media medio limoso
S % medio
~z@0 sabbioso
N




We divide 1 cube (side, 1 dm) in four (side 0.5 dm) and
then in sixteen (side 0.25 dm). Then, the ratio
surface/volume and the surface of contact with a liquid
phase will increase progressively:

Surface = 6*(1)2 =6dm2  Surface = 6*(0.5)? = 1.5 dm?
Volume = (1)3 =1 dm? Volume = (0.5)% = 0.125 dm?
RatioS/V =6 RatioS/V =12

m

Surface = 6*(0.25)2 = 0.375 dm?
Volume =(0.25)2 = 0.0156 dm3
RatioS/V =24

Specific surface is measured in m2/g and it is related to
the size of the patrticle.

Please, bear in your
mind this basic
concept. It is of

extreme importance

when we observe
the surface

properties of soill

particles, especially

soil minerals.




Specific surface for mineral type or mineral size

Mineral / size class

Specific surface

Method of measure

(m* g?)
Coarse sand 0.01 Adsorption of N, at low
temperature (BET*)
Fine sand 0.1
Silt 1.0
Caolinites 5-100
lllites 100-200 BET
Vermiculites & mixed minerals 300-500 Adsorption of
ethyleneglycol
Montmorillonite (Na saturated) 750 Adsorption of
ethyleneglycol
Ozides & hydroxydes of 100-300 BET
Fe e Al
Allofanes 1000 Includes internal and

external surfaces

BET: Branauer, Emmet and Teller



Surface charge. Electric charge on soil particles derive from:

» Isomorphic substitution (permanent charge)
» Surface functional groups reactions with ions in soil solution (variable charge)

The charge is expressed in centimoles of charge per kilogram (cmol. kgt o
cmol,, kgt). The total net charge of the particle is the result of at least 4 surface
charge types and assumes positive, neutral or negative value as a function of the
soil chemical conditions. The permanent charge is expressed as density of
surface charge, i.e. the ratio between the layer charge and the surface area of the
mineralogical cell unit. The charge of cation and anion adsorbed on the surface of
soll particles determine the Cationic Exchange Capacity (CEC) and the Anionic
Exchange Capacity (AEC), respectively.

Phyllosilicate CEC Surface density
cmol,, kg™ (1), (cmoly m)

Caolinites 3-20 2-6 x 10
lllites 10-40 1-2 x 104
Smectites 80-120 1-1.5 x 104
Vermiculites 100-150 3 x 104




Non silicate minerals of solls

Class Mineral Chemical formula
Halides NacCl
Sulphates Gypsum CaSO, - 2H,0
Jarosite KFe,(SO,),(OH),
Sulfides Dolomite FeS,
Carbonates Nahcolite CaCO,
Trona CaMg(CO,),
NaHCO,
Na,CO, - NaHCO, - 2H,0
Soda Na,CO, - 10H,0




Class Mineral Chemical formula
Oxides & hydroxides

Alluminum Gibbsite Al(OH),
Nordstrandite Al(OH),
Boehmite AIOOH
Diasporo AIOOH
Corindon Al,O,

Ifely Ematite Fe, O,
Goethite FeOOH
Lepidocrite FeOOH
Maghemite Fe, O,
Ferridrite Fe.O.(OH) - 4H,0
Magnetite Fe,O,

Manganese Lithiophorite (Al,.Li)MnO,(OH),
Birnessite variable
Hollandite Ba,Mn,O,,
Pyrolusite MnO,
Todorokite variable
Manganite MnOOH

Titanium Rutile TiO,
Anatase TiO,
lImenite FeTiO,




Silicate minerals of soils and earth crust

Silicates are Silicon (Si) oxides
whose structural units are
tetrahedrons Si- O, (SIO,)™.

sorosilicates cyclosilicates phyllosilicates



Soll aggregate




Interparticle forces of attraction involved in aggregate formation

Electrostatic forces
(clay-clay, clay-oxide, clay-organic interactions):

>

Positively charged edge of a clay — negatively charged face of
an adjacent mineral

Positively charged sesquioxide film “sandwiched” between two
negative clay mineral surfaces

Positively charged groups (e.g. amino groups) of an organic
molecule attracted to a negative clay mineral surface.

Clay-polyvalent cation-organic anion linkages or “cation
bridges”. Very large anion (polyanion) may interact with several
clay particles through cation bridges, positively charged edge
faces or isolated sesquioxide film.



Interparticle forces of attraction involved in aggregate formation

van der Waals forces

(clay-organic interactions):

» Specific dipole-dipole attraction between constituent groups of

an uncharged organic molecule and a clay mineral surface

» Non-specific forces between large molecules when in very
close proximity, which are proportional to the number of atoms
In each molecule (polysaccharides and polyuronide gums and

mucilages on soll particles, coat of paini)



Cumulative frequency distributions of soil particle sizes in a typical clay, sandy
silt loam and sandy soil
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(20-50%)

(5-10%)

The mineral fraction reaches
In average up to 50% in
volume of most soils.

Soil minerals can be
classified in and
secondary minerals.

They usually present a
crystalline structure but some
also show a short-range
order (amorfous state).



Cell unit or mineralogical cell
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Chemical bonds, ionic charge and ionic radius in soil minerals

lonic bond e ‘ "
Covalent bond e ‘

Chemical bonds in mineral structures present a mixed behaviour in
between ionic and covalent bond. Si-O bond is equally distributed (50 %
each); Al-O bond results ~ 40% covalent and ~ 60% ionic.

lonic radius of Oxigen is considered constant and equals 0.140 nm. Cation
radius changes slightly according the mineral species to which belongs.
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Collimation , Mono-chromation and — 4S_all s s All g 42 63l daglaia (2)

Scanning system

Sl g (alidl) g CRESY) A glaia — 1
Detection , measurement and recording system
. Oshal) Galaal (001) (s simal) 2 cldlusal) (i J gt (i Lasdg

d(001) A° Treatment Clay mineral
14— 15 Mg — air dried sample Chl, Verm, Smectile
12.2 Sepiolite
10.5 Palygorscite
10.0 (9.9 - 10) H.M , Hallyosite
7.2-15 Meta hauyosite
715 Chlorit (2™ order)
Mg + E . gly col
16 - 17 Smectile
14 - 15 Verm. Chl
12.2 Sepiolite
10.5 Palyg
7.15 Kaiolinite
Table 2
Mg Mg + E. gly K Ka 600c°
Smectite 14 - 15 16.7 12 -13 10
Vermiculi 14 - 15 14 - 15 10 10
Chlorite 14 - 15 14 - 15 14 - 15 14 - 15
H.M 10 10 10 10
Kaolinit 7.15 7.15 7.15 disappear
Hallyosite 10.1 10.8 10.1 Disappear
Palyorskit 10.5 10.5 10.5 10.5
Notes

1) 14 — 15 A° Spacing mean 3 Minerals — smectite , chlorite |,

Vermculite .

2) Treatment with ethylene glycol separates smect.

3) Treatment with K separates Verm .




d(001) A° Treatment Clay mineral
K airdried
14— 15 Chlorite
12 - 13 Smectite
12.2 and 10.5 Sepiolite / play
9.9-10.1 H. M, Hallyosite
7.15 Kaolinit or chlorit
K+SSO 600C°
14— 15 Chlorite
12.2 Sepiolite
10.5 Palygor
9.9-10.1 H. M View
7.15 Chlorite (2" order)

ool dad) yias et (X RDA ) doiand) 4a3Y) ddand oo Jdaill 4 il Ao ycan

e dal g
Ayl Ll o) sl A1) 5Y A 5 Alalaa (1
.ol Juad (2
. Performance of diagnostic 4sadall dlalaadll (3
il il 58l juiaal (4
—z Adagl 1) 30 gal) A1 Y 4 3l dlalaa (1
-1 Adayl 1 o sall Jadii
Mg @ Ca«——CO; (a
(O. MyJ— Organic matter (b
(F10) Free Iron Oxide (c




. NaOAC ddauil g cliga SN 3135 (a
pspsall LA (10 Ja B0 L Gliays g ae )50 A masisdyyiad 10 A
plas (8 saisall ey jailly (i) padls ddasl 53 PH | Janay) (5) PH 2= (NaOAC)
il e lally 4 ) Jusa o5 el 11 (a5 (5 3S e 3k L dary 5 2,05 4383 30 52dl Sl
LS el 2kl
Y HCL  aadieY (pssallSl g S e (aliill dals ey IS LS dyleal) alas)
-l s Jaee 4030 ) 33 o (8ae 43Y CO;
. NaOC1 a s gl il 5 518 g0 Anuad gy 4 guaadl 33Lall J1 35 (b
%14 — 10) by de 350 (A pssall G lSua e Jo 50 Led by g 45 5l 2353

(over night) 3 & yis (HC1 5f NaOC1 4l s PH i Jaxes 5 8 — 9 D1+ 05
(el i S LS dlaall o) (538 pall 2kl & pans om0 il Bl s A )2 (A
- (A szl 33l )Y H,0, axiiny V)
. uaall alsi (¢
LAl o) gl alascindy J)

(el Sy M 0.3 (1

(el lis Sy M1 (2

pspsall bl mle (3
Aa ) (Sl plea o 5ol il aw (@lis S0 5 + @l j5 40) Je 45 A8l 41 Y &0
G yaag 0515 saal el il g el gl e ae 1 il ey | (a2 + 80 ) a
LS el )kl
c @SSl Qi) 8 LeS il
p ophall e J panll &) glassll) (8 o B Jaall (8 sl oy s Jpaal) LS

Tempe. Time
h Min
20 3 50
25 3 30
30 3 03




2y ) ) e 30l axel g (NaOH ) padioy ¢SV cuifiil) & () sSUSD o Y
-l
Jaxd sl s (flocculation ) geail) ol JaY (phll CaCly « N (e Jal Ciliay
iyl

(K Mg il (1

LIS Gl 5 I pundSIG il (2
Sl )kl U b i g Gpand ) Gadall A Juads
Gom S lela i Bad s 3all 33 N KCI Y de 50 4 calay J5¥1 e 5l — 1
(ARG 5 e Alaall alat) (538 sall 2kl
(e Aalaal) At (g 38 pall 2l (5 m ol el ol Baal 2 g el slally Juss
 KCl gr &l cilanll s a5 Mg Cly ¢ N gon (360 52 — 2

7l i Jans
Sample
Mg — clay /\
K —clay
Mg: Mg, Mgs Ki K2 Ks

Mg Eg glycerol K Kaoo Keoo



	1128.pdf (p.1-6)
	1129.pdf (p.7-13)
	1130.pdf (p.14-20)
	1131.pdf (p.21-26)
	1132.pdf (p.27-35)
	1133.pdf (p.36-42)
	1134.pdf (p.43-53)
	1135.pdf (p.54-61)
	1137.pdf (p.62-67)
	1139.pdf (p.68-77)
	1142.pdf (p.78-87)
	1143.pdf (p.88-104)
	1144.pdf (p.105-116)
	1145.pdf (p.117-132)
	1957.pdf (p.133-141)

