INORGANIC SOLID PHASE

Soil consists of inorganic and organic solids, the soil solution, soil air, and living
organisms. Soil chemistry is primarily concerned with the solid and liquid phases
and their interactions. This chapter deals with the inorganic solid phase of soils,
primarily the clay fraction, and its important properties. The clay fraction (<2 pmin

’ size) carries out most of soil chemistry. The larger sand (502000 ;2m) and silt (2-50
um) fractions are much less chemically active and are composed largely of quartz
(Si02), which is rather inert.

Inorganic soil particles range in size from cowwgmﬂ
(>2 mm) and rocks. Inorganic components exert the major effect on most soil prop-
erties and on the overall suitability of soil as a plant growth medium. Org.a_nic com-
ponents include plant and animal residues at various stages of decomposition. Cg‘:
and tissues of soil organisms, and substances synthesized by the soil POPlﬂ*}“O“-anj;
ganic components, although usually present in much smaller a!noynts thal:i inorg
components, affect soil properties significantly l?ccause of their hlfg:l1 fg:;e‘”'y-

Most inorganic soil components are crystalline compounds of definite SUWCHIE

ey : i inerals
called minerals, The sand and silt fractions are largely primary minerals, mi
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nor constituents of the clay fraction of most agncult;;;a ;a (’P;'TAISi:;Os). e
primary minerals in soils are quartz (SiO2) and the feldsp o mphiboles, and 0

i is a combination of Na*, K¥, and Ca®*. Micas, pymtenr:s .

| primary minerals are also common, but in smaller amounts-. formed by 10W-
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' . . soils are la[gely becond'aIY1 d dn’ﬁCll}’
Riieralyoftha Oy nac?t(l)':;f ifn;c:rited from sedimentary rocks or forme
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es and gulfur com
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des, and carbons ‘ cot
formed in goils were amorphol
o inerals are 10-

many clay m '
tlml.ayen?:d. similar to mica, and

1
plll)?::g: tlg:' '! ayer silicates, Al and Fe hydrox‘yoxl i
1 OUCrys-nn‘[ y workers assumed 'Hmt clay minera
stead lline spheres. X-ray diffraction revea’®
crystalline, The aluminosilicate clay minerals aré
have the same relative dimensions as a stack of postage Smmps-o-called free oxides-
Other important constituents of the clay i e the & the soil as weath-
Tl.]ese are Al, Fe, Mn, and Ti hydroxyoxide (hat accumulate :ncrysfalline and are
ering removes silicon. The free oxides ranse phov” '3 s, plus amorphous
often the weathered outer layer of soil particles- The hydroxyoxide g nonlayer min-
alUll‘ninosiIicates such as allophane, are the most im
erals in soils. ure calcite
The most abundant carbonate in soils i calcite (C?CO”’ gl;z:;g?s I::ommon in
rarely precipitates directly from the soil solution. Qalcmrl'ldqaf o subsoils derived
semiarid and arid region soils and is often present 10 humi {f)g]oosc nd porous 0
from calcareous parent material. Ca carbonat® accumulates 1 (CaSO4 -

L 13 cni un
strongly indurated and rock-like layers in semiarid and al:ld smf? -Griﬁeral e ite
2H,0) occurs in semiarid and arid region soils. The major suliul

. form in
(FeSy). Pyrite is frequently associated with shales and coal‘ beds and may

soils under reducing conditions.

S

5.1 CRYSTAL CHEMISTRY OF SILICATES

t secondary minerals in the clay frac-
lay or colloidal size (<2 pm effec-
oil properties. Most of the

icates are the most importan

tion of soils. When layer silicate minerals are ¢
tive diameter), their large surface area greatly influences $ ’
important clay minerals have similar silicate structures, Inasmuch as clay minerals

are such important clay components, and as different clay minerals can change soil
properties greatly, an undc;gmdingof soil properties begins with an understanding
of silicate structures. v

d between them changes the electro
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0!'":}’ BC. The numper of sutzg 3’_‘_"'“ 10N 1s shared by the surrounding ions of opposite
ik .IL central jon, Jop;e bondmlghbors'ls determined by their size relative to the size
$licatey, § predominate in many inorganic crystals, including the

Coval

ralent bonding (sh.

atomsy having gimm ir(sil',m'(,i electron pairs) is common between identical atoms or

mond). Ip Covalent | c;f:tncal o S0 08 InElst) Ky, CHLy and € (dip

atom attgin, o Yonding the electrons are shared between atoms $0 that each
e gas electronic structure. For example,

” H
H:Q:  H:C:H
H H

l(‘u?:: lf::} 33::‘(::;:1% :_:j "‘L‘Ung. but directional. Bond angles in covalently bonded struc-

volved Clwalcmll e {]Ege geometric posnfons of the clecu:on.urbnals (grblts) II'I—

iorilc eadicle o ();Omn .c. Inmrlcf:ulcs hayc 1!1_ttlf:: tendency to ionize. Bonding within
ials, plex ions, such as SO, ", is frequently covalent.

Hydrogen bonding occurs between H* and ions of high electronegativity, such
as F~, O*~ and N*~. The hydrogen bond is essentially a weak electrostatic bond
and is important in crystal struclures of oxy compounds, such as the layer silicates.
Summed over many atoms, the individually weak hydrogen bonds can strongly bond
adjucent structures.

The weak electrostatic force between residual charges on molecules is van der
Waals bonding. Residual charges may result from natural dipoles of unsymmetrical
molecules, polarization dipoles, or vibrational dipoles. These van der Waals forces
are generally obscured by stronger ionic and covalent bonds but may dominate the
properties of some molecules.

Each type of chemical bond imparts characteristic properties o a substance. If
more than one type of bond occurs in a crystal, the physical properties such as had-
ness, mechanical strength, and melting point are generally determined by the weakest
bonds. These are the first to yield under mechanical or thermal stress. Thus, the phys-
ical propenties of layer silicates are determined largely by the strength of the bonds
between their layers. o

Although differences in the types of bonds may seem clear-cut, bondmg.m most
crystals is somewhere in between. For example, the Si-O bond in the smcat'cS Is
intermediate between purely ionic and purely covalent bonding. The d?gffw of 10ie
nature of the Si-O bond is sufficient, however, to apply the rules for ionic bonding

to silicate structures.

ninantly ionic. As a result, forces are
1on ) i nt role in delermuming crystal structure.
- . crystal radii of commen iong in silicates. The distance between
Jiscent jons in 2 crystal can be measured accuraiely by %-ray methods. From
eries of such measurements between different ions, the effective conllnbt‘mng ra-
- no rigid boundary; an 10n's radius

i n be determined. An ion has - ‘
e s ectrons and on their relative attraction to the

Jepends on the number of its orbital el
uks:n's nucleus. The radius of Fe ions, for example, decreases from 0.074 10 0.064 nm
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Table

s-'u

°°°fdln.ﬂ:nr¥‘:m' lonic radil of selected cations, and
—— mbers for cations with oxygen _

Crysul Coordination Number
Ton lonic Radius” with Oxygen
Eih":‘_— {om) Observed predicted
AP+ 0.042 p s et p
Fe3+ 0.051 46 p
Mgz+ 0.064 6 6
Fel+ 0.066 6 6 1
Ca?t 0.097 6 8 6 1
K+ 0.09 8 ¢
NHF 0.133 8, 12 .
0> 0.143 8, 12

0.132 _ _

book of Chemistry and Physics

“Reprinted with permission from Hand
land, OH (1969—1970).

50th ed. Chemical Rubber Co. Inc. Cleve

2;::2e valence changes from Fe(II) to
guration of the ion structure.

. The ion radius of oxygen (0°7) i much larger than tha

in silicates. The oxygen ion constitutes 50-70% of the mass, a

;Oltl;lme, of most common silicate minerals. Silicate structures are

v the manner in which the oxygen ions pack together. _

An ion surrounds itself wit}{ ?ons of opposite charge. The number o_f anions thz;t
pack around a central cation depends 0n the ratio of the cation and anion radii an

Because 0%~ i virtually the

ons. Assuming

is called the coordination number © .
only anion in soil minerals, our interest centers on the different cations.
that ions act as rigid spheres, the stable arrangements of cations and anions can be
calculated from the packing geometry of their crystal radii (Table S.L)

f the central ion.

eres In relation to radlus ratio and

Table 5.2. Spatial arrangement of rigid sph
coordination number
N . Coordination
adius Ratio , Arrangement of Number of
(Fssion? Viiion) Anions Around Cations Central Cation
g. 21 25:3312 Corners of an equilateral triangle 3
.22-0. Coi
0.41-0.73 ; o'a te” :
0.73-1 L 6
| 8
12

l
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e packing of simple structures like tetrahedra and octahedra. Since they did not
F“O“_’ about ions, their concern was about shapes. The number and arrangement of
jons in a structure is more fundamental than the number of faces of the structure, but
(Fig. 5. 1a)
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d all subsequent drawings -
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ion. Figure 5.2

Cmrd;na” on
[0-066

;2:?:;; f;_}"_ﬂ{y exaggerate bond leng
e e jons is reduced to show
s a silicate tetrahedron more accurately: .
Minerals vary widely in chemical composition- Substitut!
another in mineral structures is common; pure mi
PhIC substitution, isomorphism, atomic substitution,
the substitution of one ion for another without changi
Such substitution takes place during cwsta]ﬁzaﬁOI‘l an
I?°m0rphic substitution can occur between many 1onst ‘:]ft
size of the i e charge, is more importa ;
cal neutm]jt;IZ' ng;ﬁ:g g; sjmaﬁtaneous substitution of ions cls;whei)re-m _the
structure, or by retaining ions on the outside of the structure. Isomorphm su S:l;l.‘l,/s(?n
generally takes place only between ions differing by less than about 10 to in
crystal ionic radii. R -

The more common isomorphic substitutions 11 silicate structures are Al™™ for
Si** in tetrahedral coordination, and Mg?t, Fe?*, and Fe3t for APT in octahedral
coordination. Substitution between ions of unequal charge in layer lattice silicates
leaves negative or positive charges within the crystal that are neutralized by ions on .

bstitutions in soils produce a net negative

the surface of the lattices. The common Su
charge and contribute to the cation exchange capacity of soils. Some areas of soil

clay particles have a net positive charge and an anion exchange capacity. The anion
exchange capacity is usually less than the cation exchange capacity and may result
from Ti** substituting for A’*.
A crystal is an arrangement of ions or atoms that is repeated at regular intervals
in three dimensions. The smallest repeating three-dimensional array of a crystal is
called the unit cell. The unit cell dimensions a and & (the x and y dimensions) are
cons:tam for a given fm'neral; the ¢ (or z) dimension is also constant, except for the
ng:a:l case of swellu?g layer silicate:s (Fig. 5.3). The basal plane is the a-b plane.
c cmxc:-al composition of layer silicate minerals is normally expressed as one-
half of a unit cell, to simplify the chemical formulas.

in layer silicates are Al’
ths to poin !
the relg(l)ivc positions of each

on of on¢ element for
nerals are raré in nature. I.s-({mor.
n, and solid solution all refer to
ng the structure of the crystal.
d does not change afterward.
the same charge, but the

than the charge. Electri-




STRUCTURAL CLASSIFICATION OF SILICATES 138

(&)
FIGU ;
& B ::_E iaf;oz?u% :n“ lt‘:ell of a crystal. It is a parallelepiped with angles «, B, and y and edges
SN TS o e s of atoms in the crystal are usually given as x, y, and Z coordinates scaled
e T corresponding cell edges a, b, and c. (a) Cell for kaolinite- (b) The outline of a
B = BE s e showing the orientation of one of its unit cells. The unit cell is 2 = 0.515 nm,
85 nm, ¢ = 0.715 nm, « = 91.8°, § = 104.8°, and y = 90.0°. The crystal is about

8.0

in al?n?rmsde’ 10.3 nm long and 2.1 nm thick, about 10 cells by 20 cells by 3 cells, or 600 cells

A -Greenfryztal is at the smaller end of the range of kaolinite crystals found in soils. (From
. and and U. H-B. Hayes, eds. 1978. Chemistry of Soil Constituents. Wiley, New York.)

5.2 STRUCTURAL CLASSIFICATION OF SILICATES

Eju?i-};gs:)]?;f is SO strong that the teqahcdral arrangement of four oxygen anions
icon cation appears to be universal in silicate structures. Different silicate
structures arise from the various ways in which the SiO, tetrahedra combine with one
another. Silicate structures range from single, separate tetrahedra to those in which
all corners 9f the tetrahedron are linked through oxygen to other SiO4 tetrahedra.
Table 5.3 gives a structural classification of the silicates. This chapter is limited to

the silicate structures distinctive to soils.

Layer Silicates

s, sheet-like phyllosilicates such agv

miliar micas, are in primary

v minerals. Since other com-

§ is a more accurate term. A
Mg-, or Fe(I1)-O octahedra
al and octahedral sheets bon¢
Ira and octahedra. Layer sil
sequence of tetrahedral an
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 €an also be in the clay fraction, layer ¢
ayer silicate is a combination of a layer of
Or two layers of Si-O tetrahedra. The tets
ly sharing oxygens at the corners of the
als are differentiated by (1) the
gets, (2) the layer charge per
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W ™oy
(h: ‘:}\\:M“: of the ““;::“.,:::‘;m,“" the structure (Fig 34) In the chaved phane
ol '\R\\lnh N have their re © shared hetween S ard Al "hf other one thard of
-y VA laver of closel maining charge atisfied by H ‘Thr upper wrface
Rgonally open-pack v packed OH growps The bottom qurface s composed of
\\il(tl\l‘.\\lml\ n“Rctl ed onide tons, with an OH rece 4 within the hex agonal
wral regquirement W The 11 minerals are npp.an-mly very inflexible in their struc
elevtrcally neut !\l and allow little or no isomorphous substitution The structure s
bondy Nl;\w-n “:‘ = :'hc 11 layers are held together strongly bY the many hydrogen
The 2:1 layer t‘ :“ groups of one sheet and the O ions of the next sheet.
WO tetrahedral \h' imm are made up of an octahedral sheet s.ll\d\‘r‘lcht‘d‘t‘\clween
shows the amn\. . cets. These unit layers then stack in the € direction. Figure 55
W armangement of pymphyllilc. an electrically neutral 2:1 mineral.

Soil 2:1 )
b - i‘ » =1 1P i
ayer silicates, on the other hand, have the same structure. but have extensive
ative charges within the CrySl:li.

1801 T A

mi\l\\ltl}':::u;mbs}ummn. which leads to largely neg ‘

the stmc:s;nc ““]l'l'ltu be balanced by other cations, either inside the crystal or outside

- | ’ \c_magmmdc of chacge per formula unit, when palanced bY c::gons
erna to the unit layer, is called the layer charge. The 2:1 minerals are classifed

according to layer charge in Table 5.4. -
The magnitude of layer charge plays a do

and type of bonding between the 2:1 layers. I

?hylhte-. the 2:1 layers bond together by very weak van der W

charge is negative, the 2:1 sheets bond electrostatic2lly and more strongly beCa-
the more cations,

cations enter between the unit layers. The greater the layer charge- M
and the stronger the interlayer bond. Smectites (which include monmorillontte and
ch as water, can

bentonite) of low layer charge bond weakly so polar molecules, St
enter between the sheets, and the minerals expand or swell as the soil becomes Wel.
In minerals of high layer charge, such as the micas (muscovite and biotite), the ionic

bond of K+ between the sheets is S0 SIrons that polar molecules cannot enter the
minerals are nonswelling (nonex oes not ghrink and swell with

panding), and the soild |
changing moisture content. Vermicu d also in-

AR L L LTI N —

minant role in determining the §trengm
f the layer charge s zero, as in pyYTo-
aals forces. 1§ the layer

Jites are intermediate in layer charge an

Pyrophylllie A‘z SI4

stnmnofmopmlne.(ﬁomﬁm

0
yon der Wools ponding
petween basal planes
® 0
Si
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Tatwe 5. 4 Typical 2 1 tayer aicate minerait e -pr‘cd;ﬂf"'""‘"'
e al Cation _
Layer Charge per Octahedr® &7 __—
Formula Unnt 10 _._._f—-.l';"‘”‘—f’ M,I n
(Efmrral Tetrahedral OC;:;:‘!*‘ y ”Di(\dahednn a
L TH Shest - - Talc
e Pyrophyllie  sqponite
;‘}ﬂmhylh!c-rak 0 3 Beidellite Hc]::m'i‘c
mectites 0.25-40.6 6 Montmoriflomte Vermiculite
0.25-0. . : ~uli .
Vermicul " 0 vermiculite Biotite?
s iculites 0.6-09 0 Muscovite
cas I

] ; jtion. |
Mg+ and Fe2+ in octahedral coordination, K* in the interayer pos {

) . . perties. Within 3 ,1
termedia i nd the smectites 10 their swelling P7 nt ion in the oc-
given mir:f:r:legsz;. T;’gﬁi minerals are defined by the Pr;‘;:;:ll: having APY in
tahedral coordination. Table 5.4 gives names for common

Oclahedral coordination. . asis of the num-
The 2:1 layer silicate minerals are sometimes defined novl; t:;;rgs of the octahe-
ber of octahedral positions occupied by cations. ’Whil&ll Si Ojo(OH)2)' the min-

dral positions are occupied, such as in PYTOI_’Ify"’te (Arzaly ied, such as in talc A

eral is call dioctahedral; when all three posiions arle ,?,;’C:ﬁll fference in COMPO- |

(Mg;Si40;9(0OH);), the mineral is called trioctahedral. Thi:

. i - iffraction, because
sition of layer silicates can be fairly easily determined by x-ray diffraction,

s the dimensions of the unit cell.
each substitution slightly changes d have about the same layer charge.

Chlorires are closely related to the micas an - 1
In chiorite, the interlayer K* of mica is replaced by a positively charged ockhedial g

brucite (Mg, (OH)g) sheet. The brucite sheet develops a positive charge when the
Mg?* is partially replaced by AI**. Such replacement is often abox{t one-t]n.rd of E
the Mg?+ positions, to give the basic unit (Mg, Al(OH)¢)™* that fits into the inter- =
layer position of 2:1 layer silicates to yield the 2:1:1 chlorite (Fig. 5.6). Chlorites are
nonexpanding, have low cation exchange capacities, and are generally trioctahedral,

5.2.2 Relation of Structure to Physical and Chemical Properties

'1"13(: interlayer bond has a big effect on the physical and chemical properties of layer
silicates. Bonding within the unit layers is much stronger than between adjacent unit
layers. When the mineral is subjected to physical or thermal stress, it fractures first
between the unit layers, along the basal plane. This is the reason for the flake-like
shape of most macroscopic layer silicate crystals. Also, the stronger the interlayer :

b :
ond, the greater the crystal growth in the ¢ dimension before fracture. Hence, the

size and shape of layer silicate is a di
e daper crystals is a direct consequence of the strength of their
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i:crf&;;;d;di&:hoi the whole crystal; internal surface is the aea of the basal plane
expanding mj ]mt layer. metxpanding minerals exhibit only cxu:rmi surface,
- have both internal and external surface. The total surface ar=a of

montmorillonite can be as large zs 800 x 10% m? kg~ . The surface arez of kaoknite,
@ fionexpanding and 1:1 layer silicae, is useally omly 101w 20 « 0 kg

The ¢ spacing of the layer silicates is determined by (1) the number of O-OH
sheets per unit structure in the ¢ dimension, and (2) the presence of wons and/or
Polar molecules in the basal plane. This spacing is conveniently measured by x-r2y
diffraction. Pyrophyllite has an electrically neutral lattice and hence no iterlayer
cations. Adjacent units of this mineral approach one another closely and form van
der Waals bonds, preventing water entry. The resultant constant ¢ Spacing 1s 0.93‘nm
(Fig. 5.5). In minerals having weak interlayer bonds such as montmorillonite, cations
and water or other polar molecules can enter between the baszl planes, causing 1he_
¢ spacing to increase. The expansion varies greatly with the amount and type of
polar molecule. In minerals with strong interlayer bonding, such as mica, chlonte and

kaolinite, water, and other polar molecules cannot enter between the basal planes.
balance the pegative charge re-

Adsorbed cations are held by layer silicates to
. o i - stal edges.
i om iSomorp hmsubstm;mandfrmn\msausﬁedbmdboncw
Sl.lltlng fr P — w wrela\cdw‘hc number

I?e 3 s i ghihe S8 f erystal size. In 2:1 layer
- - as in micz, the bond en-

in the bass .Whmﬂwhyﬂwi.'m.‘mww» and the K™ fits s0
ergy is so great, the adjacent layers are $0 ugiﬂlthlﬁ‘ adsorbed cations are not ex-
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