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Geochemistry of Clay Minerals
Clay minerals are defined as those hydrous aluminosilicates that are characterized by crystal sizes less than 2 (m in diameter. Clay minerals are phyllosilicates, which like micas, chlorites, and serpentines, are characterized by a sheet structure made of layers of Si-O (± Al) tetrahedra (sharing 3 of their 4 oxygens), alternating with layers of octahedra or some other types of polyhedra of cations as Fe2+, Mg2+, Al3+, and Fe3+ with higher coordination numbers. This is illustrated by the structure of kaolinite (Fig. 1a) or that of muscovite (Fig. 1b) both viewed looking along (100) (i.e. perpendicular to the plates/ layers). Figure 1 also shows that whereas some phyllosilicates (including clay minerals) consist of 2 layers (one tetrahedral “t” and one octahedral “o”) that repeat, others consist of 3 layers that repeat. The former are known as “t-o” structures, whereas the latter are known as “t-o-t” types. The layer groups (i.e. t-o or t-o-t) are often held together by “interlayer cations” as K+, Na+, Ca2+, or Mg2+, or hydrogen bonds arising from water molecules occupying these sites (Fig. 2). 
Another way to classify phyllosilicates and clay minerals is based on the number of cations occupying the octahedral sites in the octahedral layer. As such, clay minerals are either dioctahedral (with 2 trivalent cations in the octahedral site) or trioctahedral (with 3 divalent cations in the octahedral site), but in all cases (and in our own definition here), the octahedral layer is predominantly that of a gibbsite (Al(OH)3) type structure.

Dioctahedral Group:

· Trivalent cations (e.g. Al) in the octahedral sheet.

· The octahedral sheet is similar in structure to that of the mineral Gibbsite (Al(OH)3).

· Two structural types within this group: one consisting of repeated pairs of a tetrahedral and octahedral sheet (known as a 1:1 or t – o structure) and another consisting of repeated stacks of an octahedral sheet sandwiched between 2 tetrahedral sheets (t – o – t) (Fig. 2).

· The different groups or stacks of sheets are joined to each other by either the weak van der Waals bonds (i.e. bonds between the combined tetrahedral – octahedral pair; or t – o and another t-o pair are of the van der Waals type) or by hydrogen bonds from intersheet water molecules.

· Examples: Kaolinite (t – o), Montmorillonite and Muscovite (t-o-t) (Fig. 2).

Trioctahedral Group:

· Divalent cations (e.g. Fe2+ or Mg) in the octahedral sheet.

· The octahedral sheet is similar in structure to that of the mineral Brucite (Mg(OH)2).

· As with the dioctahedral phyllosilicates, there are two possible structural types within this group: t – o and t – o – t. t-o are represented by serpentinites, but with no clay mineral examples, t-o-t by saponite and vermiculite.
Compositions of Phyllosilicates

(corresponding structures shown on Fig. 3)
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Replace two (OH)- by one (Si2O5)-2

t-o

Kaolinite





Lizardite


Al2Si2O5(OH)4





Mg3Si2O5(OH)4

Replace 2 more (OH)- by one more (Si2O5)-2
t-o-t

Pyrophyllite





Talc


Al2Si4O10(OH)2




Mg3Si4O10(OH)2

Replace one Si by Aliv then balance charge with interlayer cations

t-o-t

Muscovite





Biotite


KAl2(AlSi3O10)(OH)2




KMg3AlSi3O10(OH)2

OR
Replace 2 Si by 2 Aliv then balance charge with the divalent interlayer Ca

t-o-t

Margarite





Clintonite


CaAl2(Al2Si2O10)(OH)2


CaMg3Al2Si2O10(OH)2
Structural/ compositional groups of phyllosilicates:

1- Clay minerals

2- Serpentine minerals

3- Pyrophyllite

4- Talc

5- Micas

6- Brittle micas

7- Chlorite group minerals

Classification of Clay Minerals

Following the above definition of clay minerals, we will restrict our discussion of clay minerals to 4 groups (Tables 1 & 2; Fig. 4): 

1- The kaolinite group minerals (Kandites):

· All dioctahedral clays with a t-o structure, no interlayer cations, and a composition of Al2Si2O5(OH)4. 
· Four “species”: Kaolinite, Dickite, Nacrite, and Halloysite, that differ only in their crystal structures, and conditions of formation (???). 
· Each species has several polytypes of its own. 
· They all form primarily by weathering or hydrothermal alteration of feldspars, and have many important industrial uses.

2- The Smectite group minerals:

· These are either di- or trioctahedral, characterized by a 2:1 structure (t-o-t), and interlayer cations of Ca or Na. 
· Composition: variable, but something like M0.66(Y3+Y2+)4-6(Al,Si)8O20(OH)4.nH2O. One of their most important properties is their ability to absorb up to 2 layers of H2O, and expand in this process; heating causes the loss of this water, hence the term: expandable clays. 
· They have a high exchange capacity. 
· Examples: Montmorillonite, nontronite, and beidellite (all dioctahedral), and saponite and palygorskite (trioctahedral). 
· Most smectite group minerals (especially montmorillonites) form by weathering or hydrothermal alteration of volcanic ash or mafic to intermediate volcanic rocks (even on the sea floor). 
· They are used in drilling muds (bentonite), construction, and in fertilizers. 

· Interlayer distance or basal spacing = 14Å. When Na+ is the interlayer cation, the structure can accommodate larger amounts of water.
· Typically characteristic of areas with poor drainage, high pH, and high Ca2+, Mg2+, and SiO2, Low K+.

3- The Illite group minerals: 

· These are mostly dioctahedral minerals with interlayer K, and can for the most part, be considered as alkali – deficient, Si (and OH) – rich muscovite. Their Si-rich nature is caused by the anti-Tschermakitic substitution. 

· Composition: K0.5-0.75Al2(Al,Si)4O10(OH)2, where Si is > 3, and Aliv < 1. Examples include illite, hydromuscovite, glauconite and celadonite. 
· Common constituents of shales, forming by alteration of micas and feldspars by alkaline solutions.

· Interlayer distance or basal spacing = 10 Å
· Mixed layer clays: I/S; usually 80% illite, 20% smectite.

· End-member illite: K = 0.8 – 0.9.

· Form by weathering of feldspars, in a high K+, moderate SiO2, low pH environment. 

· Can form from smectites by the addition of K+.

4- Vermiculite group minerals:

· These are trioctahedral minerals with interlayer Mg, and 2 layers of H2O molecules.
· Like smectites, they are expandable, but are generally a close kin of chlorite (see below). 
· They form by the alteration of biotite and/ or chlorite. 
· Interlayer distance or basal spacing = 14 Å.
· Interlayer charge = 0.5 – 0.7 per 11 Oxygens. Compare this to the smectites with an interlayer charge of 0.2 – 0.5. Hence, they don’t swell as much.

Formation of clay minerals:
The type of clay mineral that forms from weathering will depend on: 
i- Fluid rock ratio

ii- pH of fluid

iii- original composition of weathered rock

iv- reaction rates

Figure 5 shows the type of clay mineral expected to form as a function of degree of weathering. Figure 6 shows the relative % of the clay mineral type as a function of mean annual precipitation in inches. 

Application of Activity – activity diagrams to investigate the stability of clay minerals: Refer to your textbook p. 324 – 339. 

· Common environments on log K+/H+ vs. log H4SiO4 diagrams (Fig. 7).
· Equilibrium vs. non-equilibrium? (Fig. 8).
· General phase relations among the various clay species and types (Fig. 9).
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