Lecture 12
Weathering, Secondary Minerals

and Surface Reactions
(in the context of soils)

Please read White Ch6 (249-end) and digital Ch13 (563 570)
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Rock weathering transfers chemicals
between the geosphere, hydrosphere
and biosphere.

This general process is a major factor in:
1. the rock cycle

2. the sustenance of terrestrial ecosystems
3. the compositions of the oceans

4. the composition of the atmosphere.
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Weathering is controlled by
v’ physical

v' chemical

v biological processes

Chemical and biological weathering are almost always
mediated by H,O.

During weathering new solid materials are formed and the
composition of the mediating H,O is modified.
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The rates of weathering and alteration, and thus rates of soil (or
sediment) accumulation and maturation, are governed by
climate:

v/ temperature,
v' the availability of H,O
v biome factors (flora/fauna and the DOC they produce)

The formation of a soil is also dependent upon

v’ the bedrock type in the area

v’ physical factors (such as rock porosity and texture)

v mineralogic factors (solubility)

v Soils are also susceptible to many anthropogenic (human-
induced) effects.
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How do we know which minerals will form during rock
alteration to form secondary geological deposits?

The minerals found in an environment of active rock

weathering reflect coupled relationships between mineral
stability and mediating water chemistry.

To determine which alteration minerals are stable at a given
T, P and H,O composition, we must consider:

v’ the various mineral transformation equilibria
v’ the aqueous solubilities of the chemical species involved.
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Multiple additional factors are involved, such as

v" original rock type
v temperature

v’ pressure

v’ water composition

\/pH

e.g., basalt alteration on the undersea flanks of a
Hawaiian volcano is much different than alteration on the
upper flanks of the same volcano above sea level - the
rock type is the same but the water composition, P, and T
are all different.
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Weathering

Let’s look at some of the common solids involved in weathering. Primary minerals can
be weathered from the source rock intact (mineralogically) or dissolved.

Remember congruent and incongruent dissolution

The susceptibility of a given mineral to dissolution is related to that mineral’s stability at
the P, T and pE conditions of the earth’s surface.

The higher their T and P of formation (and the lower the pE), the more
susceptible to weathering their minerals are.

Many crustal rocks were formed at elevated P and/or T, and lower pE, in the lower
crust or upper mantle.

E’ Olivine Anorthite ‘_’f
s ¥ & The Bowen's reaction series (a gross
g mphiBble g o . -
= . A 3 generalization of mineral stability as a
‘;"""*“-I" £ function of magma temperature) can also be
2 uscovite @ i
Gtz f used to understand weathering of many
silicate minerals, because high temperature
Figure 20.2 Schematic representation of Bowen's minerals are the first to fOI’m from a
reaction series, which is used here to show that ..
minerals that erystallize early and at high temperature crystalhzmg magma and are more
from magma (olivine, Ca-plagioclase) are more . .
susceptible to weathering than those that form Jater at susceptible to weathering.

somewhat lower temperatures (muscovite, quartz).

Faure, Principles and Applications of Inorganic Geochemistry
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Generalized Steps in the Chemical Breakdown of a Rock .
I. Minerals that are especially resistant to chemical and mechanical breakdown When the common I’OCk-fOI’mIng

collect as granular material. Of these, the commoncst is quartz, and the product

is a quartz sand or a sandstonc showing a marked enrichment in silicon with mlnerals are WeatherEdY a SImllar
respect to the parent material. This may be compared to the separation of silica sequence of events ensues

in the first stage of a rock analysis i
2. Accumulation of the products of chemical breakdown of aluminosilicates, giving regardless Of the Startlng rOCk
a mud consisting essentially of the clay minerals. This results in concentration ™.
of aluminum and also of potassium by adsorption. The process corresponds to composition.
the second step in a rock analysis, the separation of alumina and other casily
hydrolyzed bases.
3. Along with the formation of argillaceous sediments. but often separated in space The most soluble elements are
and time, iron is precipitated as ferric hydroxide. In this process oxidation from . .
the ferrous to the ferric state precedes precipitation by hydrolysis. Concentration— transported in aqueous solutions to
of iron is the result, sometimes to the extent of the formation of iron ores .
4. Calcium is precipitated as caleium carbonate cither by purely inorganic pro- anew Iocatlon (eventua"y the Sea).
cesses or by the action of organisms. Limestones are formed and calcium thereby
concentrated. This may result in almost quantitative separation of calcium, as
in a chemical analysis. Limestone can be partly or wholly converted to dolomite The least soluble elements are
by the metasomatic action of magnesium-rich solutions and magnesium thereby . .
precipitated and concentrated together with calcium largely left bEhInd at the site Of
S. The bascs that remain in solution collect in the ocean, from which they are Weatheringl
removed in quantity only by cvaporation, giving risc to salt deposits. The most
important of these bases is of course sodium, but lesser amounts of potassium
and magnesium also accumulate in sca water

However, given the right weathering

The chemical breakdown of a rock by weathering can be represented by the fol

lowing scheme solutions, elements of any solubility
- may be dissolved during
si| | A Si. (K) ‘[ Fe Ca, (Mg) (Ca) Na. (K). weathering, re-deposited by the
1 | | | (M) aqueous solution somewhere down
R&HE R Osiducs . Evaparaiss its flow path, and then re-dissolved
s B - B = in a later episode of weathering.
MgSO,

Mason and Moore, "Principles of Geochemistry" oo
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A.
B.

C.

Soil Composition Basics

Inorganic constituents:
Very resistant Primary minerals

Alteration minerals (Minerals stable at high
temperatures and pressures are broken down into
hydrous sheet silicates (clays) and oxide minerals (Fe,

Al and Mn oxides)

Precipitation minerals (mostly carbonates/hydroxides)

Organic constituents derived from flora, and soill
microorganisms.

Typical proportion is 95% inorganic material and 5%
organic matter - highly variable though.
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Figure 6.4 Weathering of primary rock-forming mmenk (Ahcr rvc|\(c< and

Swindale, New Zealand J. Sci

Tech. 36B, 140, 1954)

Clay mineral groups

Layer Layer Typical chemical formula
Group type charge or range in composition
Kaolinite 121 <0.01 AlLSi;04(0H),
Iilite e 14-20 Ko s.o75Ak(Aly5.0755iy 255 010K OH);
Smectite 2:1 05-1.2 Nag y5(Al) 4sMgo 13)5401o(OH); - nH0
Vermiculite 2:1 12-1.8 (Mg,Ca)o”(Mg,Fe]‘. Al((ALSi)01o{OH); - 4H;0
Chlorite 231 vanable (Mg, ALFe)g((AlLSi)s010XOH)y

with

hydroxide

interlayer

The layer charge represents the typical range in mols of excess electron charge per chermical formula unit of the
clay mineral produced by isomorphic substirutions. Madﬁed from Sposito (1989) and Deer (1971). Formula for
and chlonte illustrate

smectite

for illite, v

typical ranges i

ds 1o an average

n compositions. Not all possible :ompnm ons are shown

Alteration minerals:

The structure and composition of
these solids is important because
they modify soil water and affect
the availability of nutrients to
plants.

The types of secondary minerals
formed from the weathering and
hydrolysis of common primary
minerals are given below.

The mineral names are not
important here, except to note
that

« both clays and oxides can be
formed

< ion exchange with water is
involved, as we will see in the
next lecture.
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Increased water flow during weathering leads to increased

leaching of cations, which...

v Transforms weathering minerals
v lowers charge and cation exchange capacity (CEC) on clays.

100,

E 80— Figure 4.5 Weathering products of ba-
s salt in Hawaii. Note the excellent cor-
] relation of clay mineral type with rain-
£ 60— fall in agreement with predictions based
£ Bauxite on the degree of flushing of the soil
§ ok with water. (After G. D. Sherman.
- Al (OH)3 “The Genesis and Morphology of the
.'% Alumina-rich Laterite Clays,” In Prob-
= 20— lems in Clay and Laterite Genesis,

Smectite Kaolinite p. 159. © 1952 by the Amer. Inst.

1/ | ) \ Min. Metal. Eng., reprinted by permis-

0 2 20 80 80 100~_ 120 140 160 sion of the publisher.)
Mean Annual Rainfall, (in.) Clay mineral depleted
Na, Ca containing clay in Alkalis & Alkali

Earths: AL,Si,O5(OH),
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Simple oxide/ hydroxide examples are goethite and gibbsite.
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FIGURE 4-7  Structures of goethite md gibbsite, showing FeOy(OH); and Al(OH), octahedra
hydrogen bonds between OH and O ions
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(a) Two-layer clay: AlSIiO, s(OH),

(b) Three-layer clay: AlSi,O4(OH)

Tetrahedral
Octahedral

Tetrahedral

(c) Smectites (e) lllite

Cations
r

=

(d) Vermiculite

=

ol
water

(f) Chlorite

of the

§_

Figure 15.1
two-layer and three-layer clay minerals.

Tetrahedral layer

Mg Brucite

of

Clay minerals:

ocahedal laver - Clays are structurally more complex.

They are composed of layered matrices of Si, Al and Mg
bonded to O.

Of the 3 basic clay types (platy, fibrous and
amorphous), the most important in soils are the

# »platy "phylosilicate” clays.s »

The layers are of two types:
“tetrahedral” and “octahedral”

These occur in clay minerals in “2 layer” and “3 layer”
varieties:

2 Layer Clays - “T-O”
Repeated units of 1 tetrahedral and 1 octahedral layer

3 Layer =“T-O-T)
Repeated units of 2 tetrahedral and 1 octahedral layers
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(@) |Octahedral sheet

Qand © = Hydroxyls O Aluminums, magnesiums, etc.

(b) Tetrahedral sheet

A

Oand & = Oxygens
2 layer

= = Silicons

tetrahedral (Si surrounded by tetrahedrally-
arranged O)

SiO, tetrahedra share 3 basal oxygens
with neighboring tetrahedra, forming a
sheet structure. The Si:Oratio=1to 1
lone O + 3 50% shared oxygens =

1: (1+3x05)=1:25=2:5

octahedral (Al or Mg surrounded by
octahedrally-arranged O as hydroxyl groups).
Octahedral Mg clays are commonly formed
only during alteration of magnesian rocks.

O Oxygens
g . © Al Octahedral layers of pure Al and Mg occur in
e the minerals gibbsite, AI(OH),, and brucite,
3 layer Q

N

"0

Mg(CH),.

each Al(OH), (or Mg(HO),) octahedron
shares all of its oxygens with neighboring
octahedra. Al:O ratio of 3, as in gibbsite.

T and O layers combine by sharing the non-
basal O of the silica tetrahedra with the one of
the octahedral O atoms on each Al (or Mg).

Inner-sphere surface complex:
K" on vermicuiite
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T-O clays:

we can think of each Al as having effectively lost one O atom to a
Si, and Al:O goes from 1:3 to 1:2 (octahedral O atoms are
actually in hydroxide form).

Kaolinite

Kaolinite, the simplest T-O clay, has Si:O of 2:5,
Al:Si of 1:1 (or 2:2) and Al:OH of 1:2 (or 2:4).

This gives the formula Al,Si,O5(OH),.

T-O-T C I ayS . hitp: /’mwwmindat.orgimin-2156 htm

Similar arguments can be made to show that T-O-T clays have
Si:Al of 2:1

The simplest chemical formula is Al,Si,0,,(OH), (pyrophyllite).
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lon Substitution in clays:

Structural octahedral and tetrahedral cations in clays can be substituted
for by other ions.

Octahedral site replacement is by ions such as Fe*3, Fe*?, Cr*3, Zn*2,
Li*.

Tetrahedral Si replacement is less common and mostly limited to Al-for-
Si substitution.

Structural substitutions result in a charge imbalance on the clay
backbone that is balanced by addition of hon-structural ions to the
interlayer region and accounts for the cation exchange capacity (“CEC")
of clays (the ability to hold and exchange charged ions with solution).

lon substitution gives clays exchangeable ion sites that can exert a

compositional control on aqueous solutions contacting them. The

degree of substitution depends on the environment of their formation.
GG325L12, F2013




ion exchange reactions on clays (and other natural surfaces)
Some solid compounds can physically trade ions with aqueous
solutions, affecting the ionic composition of both.

lon Exchange: theory: practice
AX +B*=BX +A* [BXJ[A"] =K [A™] - (&X_) () "Zs, non-ideality
[AX][B*] * [B*¥] =\ (BX) factor

dissolved ions
X = a particle surface

POC and Clay minerals (phyllosilicates) are both in this
category.

lon exchange:

Moving a particle from one aqueous ionic solution to another
can cause the population of attached ions and dissolved ions
to change.
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An example lon Exchange for a montmorillonite clay in river (fresh) water and
sea (salty) water is given below. This clay has:

[0.16 mole Ca?*, 0.07 mole Na* and 0.04 mole Mg?* of exchangeable ions]
[mole clay mineral]

"Ideal” Montmorillonite: Al28i4010(OH)2  charge Balance
A "Real" Montmorillonite:

LITAIP*) + 0.03(Fe>*) + 0.20(Mg?*) octahedral
+ 3.T4(Si**) + 0.26(A1° %)
+0.16(Ca?*) + 0.07(Na*) exchangeable
+ 0.04Mg?*) - 1(0*7) — 2(0H")
= +00L
TABLE 10.8 INTERACTION OF FLUVIAL CLAYS WITH SEAWATER®

[(All.77F=333M80,ZBK513>11M0.26)0lO(OH)ZJ
{ostahedral) — (tetrahedral)

Matrix ions: “—[Ca..s"Nao.o7 Mgo.os

non-Matrix jons —”|___(exchangeable)

Equilibrium Composition in
Original Exchange Composition Seawater
(equivalent fractions) (equivalent fractions)®
¥ cations
(meq 100g™") | Xn, Xy Xa Xx Y X X X
Clays originally equilibrated * *
with river water
Dakota montmorillonite 54.3 0.03 0.28 0.66 0.002 050 0.22 0.26 0.02
Texas montmorillonite 80.9 0.03 023 0.71 0.007 055 022 0.19 0.03
Bath kaolinite 6.2 0.06 0.18 0.51 0.008 038 032 0.24 0.06
Dry clay minerals
Wyoming montmorillonite 70.2 0.46 0.18 027 0.02 053 039 0.04 0.04
Mixed layer 38.5 0.01 0.23 0.39 0.08 056 032 - 0.07
Illite 168 0.01 0.01 0.74 0.15 047  0.24 0.11 0.17
2 Based on data presented by F. L. Saylesand P. C. M Isd| Geochim. Ce him. Acta, 41, 951 (1977)

* After equilibration for 7 to 12 days.

< Artificial * mean world river water.” GG325L12, F2013




lon exchange capacities:
Each material has its own specific capability to exchange ions with solution,
which is defined by a

Table 15.9 Cation Exchange Capacity (CEC)

of Various Clay Minerals CECs are usually reported in units of

CEC, meq/100 g meq/[100g of solid])

Mineral at pH =70 .

O s CEc.les m'easured by rgpegtedly .
Chiorite 10-407 equilibrating the material with solutions
Illite 1040 . . .
Glauconite 11-20+ of pure NaCl in water until no other ions
Tebmertkite 20-30 come off the mineral and then analyzing

ophane ~70
Smectite (montmorillonite) 70-100 for the amount of exchangeable Na* or
Vermiculi 100-150 . .

crmioue CI- it has acquired.

soURcE: Garrels and Christ (1965).
Remember, an equivalent (eq) is a mole of charge, so 1 mole of NaCl in

water produces 1 equivalent of Na* ions where as 1 mole of MgSO,
produces 2 equivalents of Mg2*. a milliequivalent (meq) is 10-3eq.

Another useful ion exchange term is
. This is the CEC of a particular ion on a solid or colloid in a mixed-

ion solution.
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non-stoichiometric surface interactions with
aqueous solutes:

Solids in soils and sediments interact with pore water to
exchange compositional attributes.

3 mechanisms of compositional “exchange” operate:

FIGURE 4-25 Processes of adsorption, absorption, and ion exchange.

N N
(A) Adsorption: @\ Sticking to a surface

&)

\\\ \Q
'® Absorption: e Internal incorporation

®>\ ) @ { T\\t nternal incorporation
@ k:@)? Ton Exchange: ® \@k)@ Int I porat

@ NI
GG325L12, F2013
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non-stoichiometric surface interactions...
are ALSO important throughout the hydrosphere for

affecting waters and particle compositions, so let’s look at
them in more detail.

Most surface interactions involve charge transfer reactions
Particle Surfaces can Acquire Charge by 3 Mechanisms:

» ion exchange reactions (as just discussed)

» acid-base (primary mechanism)

» charge transfer (e.g., ligand/donor, sorption)

Each compound has specific properties that dictate how and
when it will take a charge and how much charge it will take.
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acid-base reactions giving rise to charge on solid surfaces in
H,O0.

Gain or loss of a proton by an acidic or basic functional group of the
solid's surface (this is chemically equivalent to protonation-
deprotonation reaction of solutes)

Each functional group has an equilibrium constant for loss of a proton
(K,) and gain of a proton (K,) in water.

Like any acid or base, these K values are pH dependent.

For instance, the R-OH

(hydroxyl group) of an on; S0t and ;m—on - neutral
. . : R
Orgar"C or |n0rgan|c liKﬂ" In strongly acid solutions, these groups will accept a proton and become
compound can lose a proton 4 ., ;Si_m_{: i ;Al_m - confugate acid
to be come R-O-or gain one et 1 7 et il e
+ ,:][ l Kﬂ’ n s‘lrong y alkaline solutions they wi l0se a proton an ecome

to become R-OH,*. P N N '

- 0 —8i—0" and —AI—0 - conjugate base

Whether or not it is attached

to a solid is immaterial.
GG325L12, F2013
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H H

0 w9 9 Here is an example from
SO U S the text of the development
| | s .
o-MioMn M R R of particle charge on n
NioMa-0  o-Ma-o-sa-o hydrated solid MnO.,.
6 (s} H 0 o H
O—Mn—0— .’\'Il‘n (J—bj)n—(l --,\(J})l\v-O:H

. VAL Because particles may be
s/ fencts composed of more than

y |;:| " one type of acidic/basic
o] / H | I

RN e mr S 0= M—0—Mr—OH" functional group (or even
| H o H .
o o ot oo/ composed of a mixture of
O—Mn—0—Mn—OH" | | ~ .
o o LN S chemical compounds),

| i 0=Mn—0-Mn—0H"

B A e o, both negative and
to—0-» oo, positive charges can be
OH™  © A i .
Hohoow found on their surfaces.

m "
Figure 5.5. Acquisition of surface charge by colloidal MnO, in water. Anhydrous
MnO; (1) has two O atoms per Mn atom. Suspended in water as  colloid, it binds 1o
water molecules 10 form hydrated MnO, d1). Loss of H* bound H,0 yields
a negatively charged colloidal particle (111). Gain of H~ © O atoms yields a
positively charged particle (IV). The former process (loss of H* ion) predominates
for metal oxides.

| 1
O—Mn—0—Mn—OH"
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pH has strong influence on the electrostatic character of
particle surfaces.

High pH MOH + OH--> MO + H,O

Q-0

http://www.gly.uga.edu/schroeder/geol6550/CM19.html
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“Isoelectric point” or the “Zero Point of Charge (ZPC)”

the pH at which the sum of all acid-base surface charges are

balanced (neutral)

At the ZPC the patrticle is neither protonated (excess + charge)
or deprotonated (excess - charge) in a net sense.

When pH > ZPC, the particle surface carries a— charge.

When pH < ZPC, the particle surface carries a + charge.
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ZPC for various minerals in pure water (no other ions present)
and their charge polarity are given in these tables.

Table 15.8 Isoelectric Points of Various Natural Materials when

TABLE 10.6 ZERO POINT

Suspended in Water of Varying Acidity but Lacking Dissolved OF CHARGE’
Electrolytes
Polarity in Polarity in Material pH,,.
Material pH acid medium basic medium
a-Al,0, I X
SiO,(amorph.) 10-25 - - «-Al(OH), 50
Quartz 20 = = y-AIOOH 8.2
MnO, (different forms) 2045 - - Cu0 9.5
Albite 20 - - Fe,0, 65
Montmorillonite  gjlicates 25 - - «-FeOOH 7.8
Kaolinite 4.6 = = y-Fe,0, 67
Hematite non- 5-9 iz 2i ** Fe(OH),"(amorph) 8.5
fsl commonly 6-7 MgO 12.4]
Magnetite silicates 65 + - 5-MnO, 28
Goethite 67 + = B-MnO, a1
Limonite (Fe,0,-nH,0) 6-9 + £ Si0, 20
Anatase (TiO,) 72 | T——— Z:SiO, 5
Gibbsite ~9 + + Feldspars 2-24
Corundum 9.1 + et Kaolinite 4.6
Periclase (MgO) 124 + ar Montmorillonite 2.5
Albite 20
* The polanty changes from negative to positive at pH values less than the isoclectric point. Thus Chrysotile >12

the charge is negative if the pH is greater than the isoclectric point. Acid and basic are defines
relative to pH = 7.0 at 25°C.

After Drever (1982), Table 4.2; Stumm and Morgan (1970).

“The values are from different
investigators who have used
different methods and are not
necessarily comparable. They
are given here for illustration.
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e Atlow pH the solution The pH that corresponds to
' in contact with the basal .
|+ + oxygen suface of the the|ZPClis referred to as
|+t fetrahedral sheet will - . .
S contain excess protons. the isoelectric point.
o ‘The swface will then
' : + exhibitananion_
15 + i Electrostatic charge
Bl -+ + . .
& SOH2* species willdominate repulsion between particles

the surface and anions in solution

and solutes is minimized at

will be attracted. . .
this point.
E Ata pH the conesponds to i i
| * - the ZPC (isoelectric point) |- ﬁﬁﬁgﬁf Mt'hui ‘:’}?,:u}?agsl
-+ (eation)| the solution " {cation) | oxysen swface of the
F- in contact with the basal J - - tetrahedral sheet will
) -+ oxygen surface of the |- contain excess hydroxyls.
. tetrahedral sheet will - The surface will then
! contain a balance of - exhibit a cation
|+ protons and hydroxyls. The ' exchange capacity
|+ surface will then exhibit no |-~ (eation e
|-+ exchange capacity. |
OH" i ill dominate
L SIOHZ* and OH" species will L {be suiface and cations in
be balanced at the surface. solution will be attracted.
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Charge on clay particles in natural waters

pH

kaolinite

goethite

L I | |

illite

L | 1

8 0 8
+ve charges

cmol kgl clay

16 24
-ve charges

cmol kgl clay

smectite

The sign of the
charge is a
function of pH
and the density
of charge is a
function of the
structure

72 80

Figure 4.1 Positive and negative charges on three clay silicates: smectite, illite
and kaolinite, and on goethite. (From Greenland, D.J. and Mott, C.J.B., 1978.
In The Chemistry of Soil Constituents (eds. D.J. Greenland and M.H.B. Hayes).
Wiley, Chichester.) From Wild, 1993, Soils and the Environment
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