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INTRODUCTION

 The primary configuration of the materials at the surface of the earth is one of contact of

solids with water and air. In the air one finds oxygen and carbon dioxide, which are

dissolved in small quantities in the water present. The incorporation of these gases and

their interaction with water molecules develops aqueous solutions that have active

oxygen present and a slightly acidic solution due to the dissolved carbon dioxide which

produces the acidic state. The importance of a slightly acidic solution is the activity of

hydrogen ions, H+. Water is the medium in which solid– solid transformations take place,

either by dissolution and recrystallization or by exchange of ions.



INTRODUCTION

 Most stable surface minerals contain water or hydrogen ions. This is not usually the case
for high temperature minerals. Minerals from low grade metamorphic rocks or
diagenetically altered sediments do usually contain hydrogen ions or water molecules but
not as much as those stable in the alteration zone. The oxygen in the water tends to
combine with metal ions forming ions of higher oxidation state. Iron is a notable example.

 When iron is oxidized, it usually leaves its former mineral structure to form an oxide or
more likely a hydroxide. The result of surface alteration and re-equilibration with surface
chemical conditions is in general to segregate mineral elements into hydrous silicates,
called clay minerals, to form transition metal (Fe and Mn) oxyhydroxides, and to release a
significant amount of ions as hydrated species in the aqueous altering solutions.

 The assumptions are that alteration is a function of water–mineral dissolution dynamics,
where minerals are essentially free entities in contact with water.



INTRODUCTION

 Weathering in Basalt it is known that the smooth surface of a lava flow resists alteration,
more than adjacent more crystalline rocks (Rasmussen et al. 2010) even though
theoretically the basalt should alter faster in that the high glass content would be highly
unstable under surface conditions.

 However, In fact macrocrystalline rocks such as granites alter more rapidly.

 One reason is most likely the structure of the rock material that develops under thermal
stress. Large crystal grains by their anisotropic thermal expansion properties tend to
dislocate at crystal edges from adjacent minerals.

 In doing so they create a micro-passage which allows water to infiltrate into the rock
surface. As the water remains in contact with the silicates for a longer period of time than
simple runoff fluids, the interaction of silicate and un-saturated aqueous solution can
effect mineral dissolution (Velde and Meunier (2008)).



INTRODUCTION

 The key to understanding the initial and microscopic mechanisms of rock alteration is the
residence time which the water remains in contact with the rock.

 In the same way it has been noted that carbonates are less affected by surface dissolution
than silicates in the Seine (France) river basin (Roy et al. 1999) largely because the
carbonates are fine grained and hence the differential expansion of the grains will be
smaller on a local scale and effect less dislocation at grain surfaces.

 Despite the inherent solubility of carbonates in slightly acidic atmospheric aqueous
solutions, one often sees salient geomorphic features of carbonate rocks in mountain
landscapes whereas silicate rocks are more eroded.

 Probably the most reliable measure of surface water–rock interaction is the formation of
alterites, i.e., the distance in a profile down to the rock–alterite interface or the rock—C
horizon level.



INTRODUCTION

 A second aspect emphasized by Jenny (1994) is that climate is a major factor in alteration
rate. This incorporates rainfall and temperature which determines the biological
interaction factor. Rainfall is important but contact time is very important also.

 Snow on a mountain top during the winter does not have the same effect as rainfall down
in the plains. These are obvious observations but they are at times overlooked.



ALTERATION PROCESSES: OXIDATION, HYDRATION,
AND DISSOLUTION

 Weathering is the breakdown and alteration of rocks and minerals at or near the Earth’s
surface into products that are more in equilibrium with the conditions found in this
environment.

 The interaction of air and water with rocks is called alteration which is a term used to
designate the approach to chemical equilibrium attained at the surface of the earth. The
causes of disequilibrium are geologic.

 Two mechanisms of chemical adjustment are of highest importance: oxidation and
hydration of the high temperature rock minerals. The high temperature minerals are most
often less hydrated than surface phases and they contain less water or hydrogen ions than
those stable at the surface. The metal elements, those of variable oxidation state, are in a
more or less reduced state. Iron, for example, is in the metallic state in the core of the
earth, in the divalent state of oxidation in most minerals in the crust of the earth, and it
becomes trivalent, as the rock minerals which contain it are found at the surface.



ALTERATION PROCESSES: OXIDATION, HYDRATION,
AND DISSOLUTION

 Hydration of high temperature minerals means that there is an introduction of hydrogen
ions into the structure of surface phases, and occasionally one finds water molecules
present. The change in oxidation state of metallic ions and the introduction of hydrogen
into new minerals are the key factors to understanding mineral change.



AIR AND WATER: INTERACTION OF THE ATMOSPHERE
AND AQUEOUS SOLUTIONS

 The major difference between aqueous solutions found within rocks and water at the
surface is the influence of the atmosphere. In surface waters there is an effect of gaseous
dissolution of oxygen and carbon dioxide.

 The presence of the hydrogen cation is one of the major factors in surface geochemical
change. This ion is extremely active due to its small size; it can diffuse easily into chemical
structures composed of larger ions, such as silicates. We will consider these two major
factors in surface geochemistry.



AIR AND WATER: INTERACTION OF THE ATMOSPHERE
AND AQUEOUS SOLUTIONS

 Oxidation: Oxidation means basically that oxygen is combined with the iron within the
mineral structure or in the formation of a new phase. We can outline such reactions
considering the high temperature silicate mineral iron olivine. Fe2SiO4, where iron is
covalently linked to silicon and oxygen. Reaction with oxygen gives, schematically.

 The Fe2O3 produced by these reactions is relatively insoluble, and precipitates to form
hematite. The iron, which has released an electron to become oxidized, transfers the
electrons to oxygen to reduce it to a higher electronic density ion.

 Similarly, a clinopyroxene upon oxidation gives Fe oxides, and Ca is released in solution
according to the reaction:



AIR AND WATER: INTERACTION OF THE ATMOSPHERE
AND AQUEOUS SOLUTIONS

 Hydrolysis: in this chemical reactions where water is added to the crystal structure of a
mineral, usually creating a new mineral, often called a hydrate. Hydrogen ions from the
slightly acidic aqueous rain water solution often exchange for cations in the high
temperature minerals. The smaller ions are more easily removed by diffusion, Na
compared to K and Mg compared to Ca.

 One can consider the alteration of feldspar. Here ionic exchange with elements in the solid
phase replaces mineral elements with hydrogen forming what are called hydrous phases,
usually classified as clay minerals. For example, one can consider the case of Plagioclase
interacting with water to form the clay mineral Kaolinite.



AIR AND WATER: INTERACTION OF THE ATMOSPHERE
AND AQUEOUS SOLUTIONS

 Hydration: Hydration is the absorption of water into the mineral structure. A good
example of hydration is the absorption of water by anhydrite, resulting in the formation
of gypsum

 Hydration expands volume and also results in rock deformation. Hydration mainly affects
the surfaces of the rock rather than changing the mineral structure throughout. Chemical
combination of water molecules with a mineral leads to a change in structure. Hydration is
the process of combination of H2O with a mineral that is either anhydrous or less hydrous
than the final product. The more hydrated a mineral is, the easier it dissolves in water,
which in turn facilitates weathering of rocks.



AIR AND WATER: INTERACTION OF THE ATMOSPHERE
AND AQUEOUS SOLUTIONS

 Biological Weathering: This form of weathering is caused by the activities of living
organisms—for example, the growth of roots or the burrowing of animals. Biological
weathering involves the disintegration of rocks and minerals due to the chemical and/or
physical agents of organism.

 Roots of trees are probably the most significant agents of biological weathering, as they
are capable of breaking apart rocks by growing into cracks and joints. Plants also give off
organic acids that help to break down rocks chemically. The types of organisms that can
cause biological weathering range from bacteria to plants to humans.

 Respiration from plant roots releases carbon dioxide. If the carbon dioxide mixes with
water carbonic acid is formed which lowers soil pH. Cation exchange reactions by which
plants absorb nutrients from the soil can also cause pH changes. The absorption processes
often involves the exchange of basic cations for hydrogen ions. Another important process
in the dissolution of minerals in soils is chelation. Organic substances, known as chelates,
produced by organisms have a catalytic effect on mineral dissolution. Organisms can
influence the moisture regime in soils and therefore enhance weathering.



WEATHERING (WATER–ROCK INTERACTION: INITIAL
STAGES OF WEATHERING: MAJOR ELEMENTS

 Major elements are those whose abundance is important in the formation of the minerals
present. Minor elements are those which are included in major element phase in small but
variable quantities, and trace elements are present in very small quantities in different
phases.

 In general a major element is one whose presence in oxide weight percent (wt%) is above
0.5 wt% while a minor element will be present in quantities of 0.5–0.1 wt%. Trace
elements are present in lower quantities, usually in the range of hundreds to tens of parts
per million (ppm).

 However it is obvious that such definitions are dependent upon the sample observed. In
igneous rocks, it is estimated that phosphorous is present in the range of 0.3 wt% oxide,
or in shales 0.17 wt% (Mason 1958, p. 151), but in sedimentary phosphate deposits, it will
be present as the major oxide along with calcium. Thus major and minor elements are
generally expressive of the sample at hand. However, trace element usually describes
elements in concentrations of <0.1 wt%.



WEATHERING (WATER–ROCK INTERACTION: INITIAL
STAGES OF WEATHERING: MAJOR ELEMENTS

 Major element usually signifies that it is present in quantities high enough, when
combined with others, to form a specific phase or several in the sample. Minor element
usually means that an element is incorporated in small amounts into a solid phase where
abundant elements provoke presence of the solid material. Minor elements are usually
present in fractions of a percent of the solids.

 One can be consider the elements designated as being of major abundance in silicate
rocks to be Na, Mg, Al, Si, K, Ca and Fe, Mn most of them form silicate minerals retaining
their relative abundance in the earliest stages of weathering.

 The comparisons made are between the initial rock and the rock in its earliest stages of
weathering, and therefore the formation of new minerals stable at the surface derived
from highly unstable phases crystallized from molten materials.





 Figure 3.1a shows that the general trend is a loss of silica
and a gain of alumina. Thus the trend of silica loss and
alumina gain is a fundamental part of alteration
geochemistry at the rock–water interface.

 Hydration is also the rule for aluminum dissolved in
solutions. In these cases the iron leaves the initial silicate
minerals of the rock and when oxidized by interaction
with surface chemistry forces forms a new oxyhydroxide
phase. Iron essentially leaves the silicate and sulphide
minerals in most instances. This is seen in the red–orange
color common in most altered rocks.

 If one considers the relations of iron and alumina in the
early stages of alteration, Fig 3.1b, it is clear that the
increase in alumina observed in the relations with silica is
accompanied by an increase iron. This fundamental trend
effects an increase of trivalent elements in the altered
material in the early stages of weathering, Al and Fe,
which is quite important.



 The major elements most susceptible to oxidation state
change in rock-surface interaction (Mn and Fe) show a
general increase in their relative content although
manganese is not clearly affected in the same way as iron.
In some instances iron content increases while that of
manganese decreases compared to the source rock.

 Hence, Iron and manganese oxides and oxyhydroxides are
not necessarily associated in the alteration process (Fig.
3.1c).



 There is a significant loss of sodium without accumulation of
alumina, indicating that sodium is lost before any significant
changes in relative alumina content occur (Fig. 3.1d).

 However some cases show relative increase in sodium. Sodium is
in general not favored at surface interfaces and thus it is largely
lost to altering fluids.

 The alkali elements Na and K show a loss of Na and a relative
increase in K (Fig. 3.1e).

 As potassium is seen to be increased in many alterites, it is
logical to note that the sea has a relatively low potassium
content but a high sodium content.

 The other alkali and alkaline earth elements K, Ca, and Mg show
enrichment or loss in different cases of alteration. This seems to
vary with rock type and alteration intensity (climate).
Magnesium and calcium show similar trends of loss but
magnesium seems to be relatively retained more than calcium
(Fig. 3.1f).

 Minerals such as calcite or gypsum are typical for soils in climates
where evaporation is more important than precipitation.





ROCK ALTERATION: GAIN AND LOSS OF MAJOR
ELEMENTS

 When a sufficient amount of grains are altered, the rock loses its structure and mechanical
competence to become an alterite. Several terms are applied in pedology (saprock,
saprolite) defining more precisely the stage of alteration.

 However the processes of alteration are the same, mineral grains become new minerals
under the influence of chemically unsaturated rain water which infiltrates the alterite
material.

 Considering basic rocks, volcanic and metamorphic, it appears that these materials lose
both potassium and calcium in most of the important examples. Figure 3.2 compares the
changes in K and Al content for the two

 rock types, basic and acid. If one considers K and Al, elements generally identified

 with granitic, acidic, rocks, there is a tendency for both rock types to concentrate Al

 but potassium can be either lost or gained in the rock types.



ROCK ALTERATION: GAIN AND LOSS OF MAJOR
ELEMENTS

 Figure 3.2 compares the changes in K and Al
content for the two rock types, basic and
acid. If one considers K and Al, elements
generally identified with granitic, acidic,
rocks, there is a tendency for both rock types
to concentrate Al but potassium can be either
lost or gained in the rock types.

 The variability from one sample in a rock
type group (loss or gain in an element)
suggests that the system of alteration is
complex. K–Al alteration ratios (rock/alterite concentrations) 

for the two major compositional types of eruptive 
rocks



 The bivariant diagrams seems to be an
initial capture of alkali ions and
alkaline earth ions in the case of
granite weathering (Fig. 3.3a).



 Elemental ratios for altered basalt under
temperate climates (hundreds of
thousands of years of alteration
(Chesworth et al. 1981) from the Massif
Central France.

 Silica is lost and alumina and iron
increase. Magnesium decreases as
aluminum increases. Loss of alkalis and
alkaline earth ions is correlative. However
in the case of basalts, potassium is lost
much more rapidly than sodium, by
approximately a factor of two.

 This is significantly different from the
trend for the granites of California where
K and Na are lost at different rates



ROCK ALTERATION: GAIN AND LOSS OF MAJOR
ELEMENTS

 The alteration of granitic rocks, it appears that the initial phases of alteration and the subsequent
stages (hundreds to hundreds of thousands of years) shows an increase in alumina with a loss of
silica.

 Relative iron content is increased along with alumina. Alkalis behave in different manners
depending upon the species. It appears that both Na and K are held in the alterite in the initial
stages of alteration to be lost gradually in the thousand year range and very strongly reduced in
longer time scales. However, potassium is lost more gradually than sodium. This is most likely due
to the fact that K is preferred in clays of medium to high charge.

 Mg and Ca are lost initially as alumina increases, and are almost absent in the older alterite
materials.

 These observations suggest that the clay minerals, i.e., minerals formed under surface water–rock
chemical conditions, change in their composition with respect to the elements Na, K, Mg, and Ca
as a function of time and alteration intensity indicating that the early formed minerals can
eventually become unstable under prolonged surface chemical conditions.



 Alteration schema of the
results of water–rock
interaction. Slightly acidic
rainwater interacts with the
minerals in a rock (A, B, C)
which produce new minerals
composed essentially of Al and
Si plus hydrogen (clay
minerals), and Fe in the form of
oxides.

 Some minerals and mineral
grains are little affected and
become a more coarse—gained
fraction of the alterite (sands)
with the dissolved materials
taken away in the altering
fluids



LATERITES AND BAUXITES

 The most severe cases of alteration produce either iron oxide deposits (iron crusts) or high
alumina concentrations (bauxites). Both types of concentrations occur in tropical areas
with intense rainfall and hence strong dissolution.

 In cases where iron is less, present probably due to biological action, the clay assemblage
is essentially gibbsite and the material is called bauxite. When iron is stable it is strongly
concentrated and the alterite is called laterite. In either case, the stage of ultimate
alteration is due to the passage of large quantities of rain water through the alteration
profile.

 This occurs in the humid tropics of course, and all the more so in situations of prolonged
alteration of long periods of time due to a lack of tectonic movement of the basement
rocks. As it turns out these two situations occur together in the central parts of Africa and
South America.



LATERITES AND BAUXITES

 Fe–Al relations for different stages of alteration
under different climates. Basalt and serpentine
(iron-rich rocks) from temperate climates
(Chesworth et al. 1981; Bonifacio et al. 1997;
Valeton 1972). Alteration under more humid
climates (Loughnan 1969; Leumbe et al. 2005) and
ultimate stages of alteration from laterites and iron
oxide-rich ferricrete or iron crust materials
(Temgoua 2002; Beauvais and Mazaltarim 1988).

 The arrows indicate compositional trends with
alteration intensity



ROCK WEATHERING: MINOR ELEMENTS

 Minor elements of <0.5 wt% are not often present in a sufficient concentration to form a
separate mineral phase. To a large extent minor and especially trace elements are found in
substitution in the structures of the phases formed by major elements.

 Often minor and especially trace elements are found in mineral phases that have not
reacted to the changes in chemistry of the surface and they are found in the “sand”
fraction of un-reacted minerals.

 Such minerals as zircon, a zirconium silicate, sphene a calcium titanium silicate,
perovskite a calcium titanate, monazite a rare earth phosphate, among others tend to
remain present throughout the alteration process and are found in the more coarse
fractions of alterite minerals.

 One can consider the effects of weathering on minor and trace element abundance as they
are affected when some elements are lost and others concentrated.



MAJOR, MINOR, AND TRACE ELEMENT AFFINITIES

 Certain element groups can be used to follow the pathways of transformation, migration,
and fixation of minor elements in alterite material. This is especially true for the ionically
bonded cations, those elements of high solubility. These elements are the least strongly
bonded to solids and will be the most reactive to changes in their chemical environment.

 Alkali and Alkaline Earth Elements

 Elements of major abundance

 Na, K, Ca

 Elements of trace abundance associated with the above

 Li, Rb, Cs, Sr, Ba



MAJOR, MINOR, AND TRACE ELEMENT AFFINITIES

 The alkali element potassium and the alkaline earth calcium are frequently found in major
phases in soils, especially or almost exclusively in smectites and illites where they are held
within the mineral structure but can be exchanged for the elements in solution when the
chemical activity of these species is sufficiently great.

 K and Ca are associated with the alteration process where they enter the new minerals but
are nevertheless less abundant than in most of the rocks that are the basis of the alterite.
These elements can be accompanied in minor abundance by certain trace elements.



MAJOR, MINOR, AND TRACE ELEMENT AFFINITIES

 K–Rb

 Examples of potassium and rubidium
abundances in altered acidic Volcanic
material (Martı´nez Cortizas et al. 2003)
and granitic materials (White et al.
1998, 2008). SCT1 ¼ 86,000 years
alteration and SCT 5 ¼ 227,000 years
alteration)

 Similarly we can draw a plot of some
other trace elements like Ca-Sr and Ca-
Ba


