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Weathering and Surface processes

Types of surface processes:

1- Weathering: Is the in situ disintegration of rocks at the surface of the earth.

2- Erosion: Is the transportation of the products of weathering by some transporting agent (e.g. wind, water, ... etc.).

3- Mass movement: Is the movement of rock material down-slope by gravity. 

Weathering

Weathering in an area and the amount and nature of weathering products will depend on:

1) the type of rocks exposed on the surface 

2) the nature and number of planes of weakness in these rocks

3) the relief of the area

4) the climate

Weathering is of two kinds, mechanical and chemical. Mechanical weathering is the physical breakup of rocks into smaller pieces that have the same chemical composition as the original rock (i.e. disintegration without any changes in chemical composition). Chemical weathering is the breakdown of rocks into smaller particles through one or more chemical reactions that take place between minerals and weathering agents as water or solutions. Each of these two types involves a number of processes.

A- Mechanical weathering: Mechanical weathering is greatly facilitated if the rock originally had one or more planes of weakness. These planes of weakness could be joints (particularly when they occur in sets or systems), bedding planes (in sedimentary rocks) or foliation planes (planes of preferred orientation in metamorphic rocks). By breaking up the rock into smaller particles, mechanical weathering will lead to an increase in the surface area of the total rocks exposed to surface conditions (Fig. 1), and will therefore facilitate the process of chemical weathering. Joints are particularly important for mechanical weathering because (a) they effectively cut large blocks of rock into smaller ones thus increasing the surface area where chemical reaction can take place, and (b) they provide channelways through which water can pass, thus increasing the chance of frost wedging (see below) or chemical weathering. 

Therefore, while mechanical weathering will always lead to an increase in the surface area of the rocks affected, weathering in general will slow down if the rocks have the smallest surface area. For a given volume, the smallest surface area is achieved if the rock is spherical in shape. Therefore, weathering will always try to change rocks with many edges into rounded or spherically shaped masses (Fig. 2).

Types of mechanical weathering:

1) Frost wedging: 

If water percolates into a joint or fracture in a rock where it gets trapped, and the surface temperature then drops below freezing, this water will change to ice. Because ice occupies a larger volume compared to water (freezing water involves an increase in volume of 9%), freezing is accompanied by expansion which exerts a significant force on the rock, widening the fracture. When the temperature rises, the ice melts, and more water is allowed to occupy the same fracture. When the temperature drops again below freezing, the water is converted to ice with yet a larger volume, which again exerts more force on the rock. Repeated freezing and thawing will therefore eventually cause the rock to break along these fractures (Fig. 3). Frost wedging is very important in mountains where at night the temperature falls below freezing, but during the day ice may melt, thus giving rise to a daily freezing thawing cycle.

2) Thermal expansion: 

The daily cycle of temperature change, particularly in dry hot climates (e.g. in deserts) where such change may be as much as 30°C, will cause the different minerals in a rock to expand (during the day) and contract (at night) at different rates. This repeated expansion and contraction is thought to weaken the rock substantially, and was believed by some scientists to cause jointing to develop. However, recent lab experiments have shown that this process may not be as important as once thought.

3) Exfoliation: 

Sheet jointing or exfoliation is the process by which rocks break into thin sheets that are parallel to their external surfaces, which are usually rounded or domal in shape. Exfoliation probably results from the expansion of rocks as the confining pressure on them is released. This release takes place when the overlying rocks under which such rocks were buried are removed (possibly by weathering and erosion).

4) Organic activity: 

Living organisms have the ability of disintegrating rocks. Examples include the roots of trees, which during growth push rocks apart, or burrowing organisms which produce small "tunnel" like features in the rocks, or human beings who carry out excavations in search of precious metals, or to construct roads, dams, bridges or houses.

B- Chemical weathering

Chemical weathering is the breakdown of rocks through the reaction of one or more of their constituent minerals with water, other chemicals dissolved in water, or atmospheric gases. Accordingly, the products of chemical weathering will have a chemical composition that is different from the original rock. Note that the process by which one mineral changes to another in the weathering environment is often known as alteration. 

Chemical weathering takes place by one or more of the following processes:

1- Dissolution:

Dissolution is the process whereby a mineral dissolves in a solvent as a result of the freeing up of its ions (i.e. transformation of the compound into free ions). The most important solvent in nature is water, and the minerals which dissolve most readily or easily are the halides, nitrates, carbonates and sulfates. Dissolution is therefore an important process in the weathering of limestones (made predominantly of calcite) and evaporites (which consist of halides and sulfates). For example:

NaCl + H2O = Na+ + Cl-  (both in aqueous solution). 

2- Hydrolysis:

Hydrolysis is the process in which a water molecule dissociates into the very reactive H+ and (OH)- ions while attempting to "dissolve" a mineral or compound. The hydrogen ions may then replace other positive ions in the structure of the mineral, causing it to breakdown into other components, some of which may be soluble. An example of this type of chemical weathering is the hydrolysis of K-feldspars to give clay minerals:

2 KAlSi3O8 + H2O + 2 H+ = Al2Si2O5(OH)4 + 2 K+ + 4 SiO2
                                   K-feldspar                                          kaolinite                                      aqueous silica

Note that both the K+ ions and the SiO2 can thus be carried in the aqueous solution, leaving behind the clay mineral kaolinite (Al2Si2O5(OH)4). In nature, water usually contains other substances that contribute additional hydrogen ions or which cause the dissociation of H2O to release H+. The most common of these substances is atmospheric CO2, which dissolves in H2O to form H2CO3 which then dissociates into H+ and HCO3-according to the reaction:

CO2 + H2O = H+  + HCO3-.

Weak organic acids in soils can also supply H+ to meteoric water, making such water slightly acidic and facilitating hydrolysis. Hydrolysis is the main process by which silicates are chemically weathered.

3- Oxidation: 

In terms of weathering, oxidation is the process of combination of atmospheric oxygen (or oxygen dissolved in meteoric water) with a mineral to form one or more minerals that are more "oxidized" and hence more stable in the weathering environment. Examples of oxidation include the oxidation of the Fe-end-member of olivine (fayalite) to produce Fe-oxides according to the reaction:

Fe2SiO4 + 1/2 O2 + H2O = Fe2O3 + H4SiO4

                                                   Fayalite                                           Hematite     (in solution)

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

CaFeSi2O6 + 1/2 O2 + 10 H2O + 4 CO2 = Fe2O3 + 4 H4SiO4 + 2 Ca+2 + 4 HCO3-
        Clinopyroxene                                                                  Hematite

The Fe2O3 produced by these reactions is relatively insoluble, and precipitates to form hematite, which is red in colour. This gives rise to the characteristic reddish or rust-like colours on the weathered surfaces of Fe-rich rocks (e.g. basalts). Note that oxidation of Fe in a silicate will take place only after this Fe is released from the silicate structure by hydrolysis. 

From the above discussion, it can be seen that chemical weathering requires a solvent. Because almost all chemical reactions become faster with increasing temperature, chemical weathering will take place more easily in warm wet climates, as those which occur in the tropics. The rate of chemical weathering will also increase if the rain water becomes more acidic (which will facilitate hydrolysis). Therefore, in areas close to large industrial complexes that release large amounts of CO2 or SO2 in the atmosphere, rain water may become more acidic (acid rain), which increases the intensity of chemical weathering. 

A quick examination of the 3 different processes involved in chemical weathering shows that 2 of these processes (hydrolysis and oxidation) usually produce minerals that have a higher volume : weight ratio than the original minerals of the unweathered rock. This will result in an overall increase in the volume of the rock due to weathering, causing the rock to "expand". Such an expansion will be accompanied by the fracturing of the rock providing a larger surface area for more chemical weathering (see Fig. 1). Eventually, the sharp edges will be rounded, and the rock acquires the shape of spherical masses that are characterized by the smallest surface area for a given volume. This type of weathering is known as spheroidal weathering (Fig. 4) Once a spherical shape has been attained, agents of chemical weathering continue to act uniformly on the entire surface of the spherical body, peeling off layers in a process termed "chemical exfoliation" (cf. Chernicoff). Although the final appearance of the rock may be to some extent similar to one that is "exfoliated", the difference between exfoliation and spheroidal weathering lies in the process: the former is a product of mechanical weathering, whereas the latter results from chemical weathering. 

The final products of chemical weathering are also a function of the original composition of the weathered rock. A rock consisting predominantly of the minerals calcite or halite will weather more easily than one consisting of quartz and other silicates. Therefore, if we had different rock types with different resistances to weathering interlayered in an area, these rocks would weather differently: the hardest units which are most resistant to weathering will appear least affected by this process, whereas the softer units will be more strongly weathered. This process is known as differential weathering, and results in a variety of characteristic geomorphological features (Fig. 5), some of which will be described in detail in forthcoming chapters. In order to fully understand differential weathering and erosion, we need to examine the stability of the different minerals in the weathering environment, and in particular silicates, as these are the most abundant rock-forming minerals.

Stability of rock-forming minerals in the weathering environment:

Figure 5 arranges common silicates and oxides according to their relative stability in the weathering environment. This figure shows that the most stable minerals during weathering are the oxides of Fe and Al. Next to these is quartz, which is the most resistant among silicates to weathering. This is followed by micas and alkali feldspars, then amphiboles, followed by pyroxenes and calcic feldspars, and finally olivines. This sequence seems to be the exact opposite of the order of crystallization of silicates from a melt according to the Bowen reaction series. This relationship is not surprising; the minerals which form at the highest pressures and temperatures (e.g. olivines) are the ones least stable on the surface (where P and T are much lower), and will be more likely to alter to other more stable minerals at the surface than a mineral which formed at lower P and T.

Products of weathering:

1- Talus: Blocks and rock fragments which accumulate at the base of a cliff or a steep slope and which result from the weathering (mainly mechanical) of rocks on top of that cliff (Fig. 6). Talus therefore either forms in place or represents fragments transported over very short distances by gravity.

2- Regolith: A general name given to a blanket of loose rock fragments forming a discontinuous cover to the solid bedrock. Regolith is therefore a term used for material that has not been transported.

3- Debris or detritus: Are general names given to rock fragments produced by weathering (regardless of their size or distance of transport).

4- Soil (Fig. 8): A blanket of loose material that includes mineral grains and organic material (known as humus), and which can, at least to some extent, sustain plant life. Soils are highly porous (with as much as 50% pore space about half of which could be filled with water). Mineral grains in many "good quality soils" are predominated by clay minerals, but this really depends on the climate, nature of weathered bed-rock, topography, ... etc. Organic matter (~ 5% of most soils) in a soil is supplied by the decomposition of dead animals and plants.

The Soil profile:

Since soil - forming processes operate from the surface downward, there is a gradual variation in composition, texture, structure, and colour of soil with depth. These vertical differences, which normally become more pronounced with time, allow for the identification of several "layers" or "horizons". From top downwards, these horizons, shown in Fig. 7, are:

1- A horizon: darkest in colour, containing the largest amount of organic matter or humus. As water percolates downward through the A-horizon, it dissolves minerals, leaving this horizon depleted in soluble material. The A-horizon is therefore known as the zone of leaching. Minerals left behind in this horizon are therefore mostly clays and relatively insoluble minerals like quartz.

2- B horizon: is not as rich in organic matter as the A-horizon, but is much richer in soluble material, which is deposited by the same solutions that leached horizon A as they percolated downward, or by solutions rising upward by capillary action as a result of evaporation on the surface (in horizon A). The B-horizon is therefore known as the zone of accumulation. 

3- C horizon: consists of slightly altered but fragmented bedrock, mixed with a small amount of clay.

4- D horizon: is the zone of unaltered bedrock.

These four horizons are not always well developed in all soils. Where these zones are not well developed, the soils are generally described as immature, reflecting the short time over which they have formed. Such is the case in areas of steep slopes where the soil formed is continually being eroded.

The factors which affect the amount and composition (or type) of a soil include:

1- Type of bedrock being weathered. A rock consisting of only quartz (a quartzite or a mature sandstone) is unlikely to produce soil, as the weathered material under all conditions of weathering will be predominated by quartz and/or the elements Si and O, which are insufficient to sustain plant life. Moreover, quartz is one of the minerals that are most resistant minerals to weathering, so the supply of debris will be slow; possibly slower than the rate at which such debris is eroded. Figures 9 (A & B) and 10b show the effect of bedrock on the type and amount of soil produced.

2- The climate: In warm wet regions, where chemical weathering is predominant, soils may be very rich in Fe-oxides, and Al-oxides and hydroxides, the most stable minerals under conditions of intense chemical weathering. These soils are known as lateritic soils, and although the climate and availability of water may be suitable for plant life, such soils are not very useful for growing crops (as they, once more, do not contain the important elements Na, Ca and K, which have been carried away in solution (i.e. leached) since chemical weathering is so strong). On the other hand, in temperate zones that receive enough water from rainfall, but where the rates of chemical weathering are not excessive, good quality soils may form (e.g. Fig. 10a).

3- Slope and topography: Even where the climate and bedrock are both suitable for the development of soil, the topography plays a major role in controlling where these soils will be found in this area. For example, soils will not develop on steep slopes, as whatever mineral fragments are produced by weathering, they are rapidly removed by erosion (Fig. 10c). The process of removal of soils from slopes is known as "sheet wash".

4- Time: The longer the time for weathering under conditions suitable for the formation of soils, the better developed the soil will be (with well-marked horizons).

Rates of weathering and soil formation:

Rates of weathering will vary from one place to another, and also over time. Nevertheless, in broad general terms:
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the average rate of weathering is between 5 and 40 cm/1000 years
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the rate of soil formation is < 6 cm/1000 years.

