Processes and Characteristics of Soils Derived from Tephra

Tephra

Volcanic glass is a super-cooled silicate liquid with a poorly ordered internal structure consisting of loosely linked SiO4 tetrahedra with intermolecular space (Fisher and Schmincke, 1984).  Because volcanic glass decomposes more readily than associated mineral phases and is an important component of tephra, it is useful for alteration studies.

Volcanic glass is divided into colored (basaltic andesite and basalt) and noncolored (rhyolite, dacite, and andesite) categories based on refractive indices of >1.52 and <1.52, respectively.  Colored glass has a greater concentration of cations such as Al, Fe, Ca, and Mg, which substitute for silicon in the glass structure (Dahlgren, 1994).  Cation substitution weakens the bonding characteristics of the glass because there are fewer silica-silica linkages.  This means that colored glass weathers faster than noncolored glass.

The hydration and concurrent breakdown of glass result in fluxes of some elements from the glass into interstitial pore waters.  Precipitation of secondary minerals from such solutions, replacement of glass shards by new minerals, and filling of pore space created by dissolution of glassy particles during alteration occur faster in glass than minerals.

Soils derived from tephra generally contain particular minerals or mineraloids, which form under specific conditions.  By studying the authigenic minerals and mineraloids in a soil, one can formulate theories as to the factors of pedogenesis under which a soil is forming or has formed.

The most common secondary mineral and mineraloid in the clay fraction of tephra deposits are allophane and halloysite.  Allophane is a hydrated aluminosilicate characterized by short-range order and the predominance of Si-O-Al bonds (Henmi and Wada, 1976).  There are two main forms in soils, one having an Al:Si molar ratio of about 1:1 and another with a ratio of about 2:1.  The form with the higher Al:Si ratio is more common in soils.  Imogolite is another mineral weathering from tephra with an Al:Si ratio of about 2:1.  However, unlike allophane, imogolite has a fine tubular structure.  Imogolite occurs with allophane, but generally in small amounts (Wada, 1989). 

Halloysite is a kaolinitic, 1:1 layer silicate mineral that occurs in hydrated (1.0 nm) and dehydrated phases (0.7 nm) (Dixon, 1989).  Introductory textbooks in geology often refer to kaolinite as the chemically weathered product of potassium feldspar.  However, advanced techniques in x-ray diffraction and the scanning electron microscope have shown that halloysite is the alteration product of various rock types.  The parent materials that alter to halloysite are varied, and include basalt, andesite, granite, serpentine, and rhyolite (Parham, 1969).  The localities and environments where halloysite has been identified as a weathering product deviate widely.  They range from the humid, moist climate of Sumatra and Java (Beutelspacher and van der Marcel, 1968) to the cool, moist northwestern (Robertson, 1963) part of the United States. 

Subordinate amounts of various iron and aluminum oxides and hydroxides, secondary silica polymorphs of cristobalite, tridimite, and opal-silica, humus and humus complexes, vermiculite, and rare amounts of kaolinite have been reported in tephra deposits (Wada, 1980; Lowe and Nelson, 1983).  Other 2:1 and 2:1:1 layer lattice silicates and their intergrades occur in substantial amounts, particularly in Japan (Sudo and Shimoda, 1978; Wada, 1980).  Primary quartz, feldspar, cristobalite, and volcanic glass may occur in the clay fraction of tephras.

The numerous studies that have been made on the character, distribution, and genesis of minerals in volcanic deposits can be placed into three groups.  These are length of time of weathering, lithology and physical properties of the volcanic deposit, and the environment under which the volcanic material weathered.  Environmental factors that affect the weathering of volcanic material at a particular site include temperature, precipitation and degree of leaching, tephra thickness and depth of burial, and biological influences.


Time

A feature of soils derived from tephra is that the amount of clay-sized material increases with the age of the tephra.  Tephras in New Zealand weathering currently under humid, temperate conditions and less than 3000 years old have <5 percent clay; tephras 3000 to 10,000 years old contain 5 to 10 percent clay; 10,000 to 50,000 year old tephras have 15 to 30 percent clay; and those older than 50,000 years have >60 percent clay (Lowe and Nelson, 1983).  The amounts of clay formed can be broadly correlated with age only when the tephras are weathering under similar conditions.

Fieldes (1955) proposed a weathering sequence that has been modified and adopted by many workers including Wada and Harward (1974) and Dudas and Harward (1975a).  The sequence is essentially the following:

glass and feldspar—allophane---halloysite plus or minus minor silica.

The transition from glass to allophane in New Zealand was estimated to take about 3000 years and from allophane to halloysite about 10,000 to 15,000 years (Kirkman, 1975).  Under humid conditions in Japan, the allophane-halloysite transformation occurs after about 6000 years (Wada, 1989). 

There are indications that volcanic ash can weather directly to halloysite.  The evidence for this is that halloysite appears to form from glass particles (Dixon and McKee, 1974), and halloysite can form in tephra within 800 years (Bleeker and Parfitt, 1974).  Halloysite is also found in zones of stagnant moisture conditions which are silica-rich (Wada, 1989). 

The above findings do not invalidate clay mineral transformation diagrams such as the one proposed by Fieldes.  However, these diagrams can be misleading because the transition rates are often construed as a direct function of the tephra age whereas factors other than time can dictate the rates of transformation.  These other factors include the chemical and structural characteristics of the tephra as well as the environmental setting where the tephra weathers. 

Lithology

An important factor that influences the rate of clay transformation is the chemical and structural characteristics of the glass.  Unweathered andesitic and rhyolitic tephras differ mineralogically and chemically.  Andesitic eruptives contain more mafic minerals than rhyolitic eruptives (Inoue and Yoshida, 1980).  A study by Stevens and Vucetich (1984) indicate that these chemical differences are generally maintained after weathering.  Andesitic glass also has a smaller molar Al:Si ratio and a more porous structure that should favor weathering.  Studies on the clay minerals formed from andesitic tephras in humid, temperate climates indicate that halloysite is normally absent or sparsely present (Parfitt et al., 1984) and that allophane and imogolite form rapidly from the weathering of glass or pumice and persist for long periods of time (Parfitt, 1975).

Parfitt et al. (1983) have suggested that allophane and halloysite formation in soils can be controlled by the Si in soil solution and that imogolite-like allophane (Al/Si=2) tends to form where Si in soil solution is low and halloysite tends to form where Si in soil solution is high.  Wada and Harward (1974) have evidence that many lithologies of volcanic ash produce allophane from weathering.

According to Wada (1989) allophane and imogolite seem to transform to halloysite or gibbsite depending on whether the environment favors resilication or desilication.  This is probably the most popular model for mineral transformations in soils derived from volcanic materials.

Halloysite derived from volcanic deposits occurs as spheres, tubes, scrolls, or curled flakes (Dixon, 1989).  Evidence suggests that the form is directly related to the primary mineralogy.  Spherical halloysite is often associated with rhyolitic glass and tubular halloysite originates from feldspars as well as other minerals (Parham, 1969; Eswaran and De Coninck, 1971).  Because the greatest amounts of allophane and imogolite coexist with the smallest particles of halloysite, Wada (1980) suggests that halloysite is a product of allophane and imogolite.

In summary, the lithology of the volcanic deposit influences the weathering products.  The influence is important initially and in some cases persistently influencing both the type and composition of the clay minerals produced by weathering.  Generally, halloysite is associated with rhyolitic tephras without a transitional phrase.  Allophane with an Al:Si ratio of 2:1, imogolite, and gibbsite are the dominate weathering products of andesitic tephras.  One of the problems associated with mineral transformations in tephras is that the original mineral assemblage of a tephra deposit is often unknown.  However, the end products of weathering of material derived from tephra are often predictable.  Apparently, the influence of environmental factors must also be important.

Effects of Temperature

Climosequence studies indicate that weathering rates of the volcanic deposit, in terms of clay content, increase with temperature.  It is difficult to isolate temperature from the other environmental factors because variation in vegetation is often associated with variation in temperature.  In New Guinea the rate of weathering of dacitic glass was limited by precipitation and leaching potential, not temperature (Ruxton, 1968).  In New Zealand the lower rate of weathering of andesitic glass from tephras was attributed to drainage and rates of tephra accretion rather than differences in temperature (Neall, 1977).

Farmer et al. (1979) have shown that temperature as well as silica concentration affect the mineral composition of the soil.  Imogolite, halloysite, and gibbsite can coexist over a wide range of temperatures.  However, imogolite tends to be less stable to either halloysite or gibbsite in the long term.  Above 25 degrees C imogolite is more stable than halloysite over a wide range of silica concentrations.  Thus, halloysite tends to be more stable at lower temperatures when the concentration of silica is adequate (> 20 µg ml-1).

Precipitation and Degree of Leaching

Jenny (1941) considered precipitation to be a reliable indicator of leaching.  This is true as long as there is adequate drainage.  Soil pH, too, is related to precipitation and vegetation because the supply of H+ ions and the depletion of bases by leaching are the dominant controls of pH in soil.

Parfitt and Kimble (1989) studied the effects of pH on the formation of allophane.  They discovered that allophane forms from glass at pH ranges of 5 to 7 and from feldspar and/or biotite at a pH value of about 5 in soils with udic soil moisture regimes and good drainage.  Furthermore, allophane will not precipitate at pH values below 4.7.

The formation of allophane is pH-dependent because at pH values of less than 5, organic acids become the dominant proton donor, which creates pedogenic conditions unfavorable for the formation of allophane and imogolite.  The lower pH values imposed by organic acid proton donors limit the hydrolysis and polymerization of aqueous Al, a necessary component of the synthesis of imogolite and allophane (Dahlgren, 1994).

Parfitt et al. (1984) investigated rhyolitic tephra that was approximately 20,000 years old under different leaching environments.  When precipitation is less than 250 mm a year, halloysite is formed in considerable amounts.  When precipitation is greater than 200 mm a year, allophane is present in considerable amounts.  The Al:Si molar ratio of allophane increased from 1.2 to 2.1 as leaching increased from 250 to 600 mm per year.  It appears that allophane with Al:Si ratios close to 2 forms in leached environments and halloysite forms in weakly leached environments.

Three soils derived from rhyolitic tephra were studied under different leaching environments (Parfitt et al., 1983).  Halloysite was the predominant mineral of the soil with the lowest mean annual precipitation (1200-mm).  The soil formed under the highest mean annual precipitation (2600-mm) contained mostly allophane, while the soil with an intermediate amount of precipitation (1400 mm) had both allophane and halloysite.  Thus, the allophane content of the soil increases as precipitation increases.

In Oregon, Dudas and Harward (1975b) discovered that the amount of weathering and clay formation is related to soil moisture contents.  Halloysite was the dominant clay mineral where the soil water was stagnant and silica-rich.

The Effect of Tephra Thickness and Depth of Burial

Burial alters clay mineral and mineraloid transformations.  For example, burial of a surface layer reduces the input of organic matter so that in time previously humus-bound aluminum can be released by weathering to coprecipitate with silica to form allophane or imogolite (Mizota, 1978).  When tephra deposits greater than 2 meters bury older tephra, the environment in the buried soil favors the formation of halloysite (Masui and Shoji, 1969; Wada, 1989).  Regular accretions of tephra and/or poor drainage would also favor the formation of halloysite (Dudas and Harward, 1975a). 

Halloysite is rarely associated with surface layers or layers close to the surface (Masui and Shoji, 1969).  When halloysite is at the surface, it is often associated with an exhumed soil or changes in the weathering environment (Kirkman, 1980a). 

Because halloysite is most frequently associated with deeper horizons, it is difficult to separate a buried effect from an age effect.  Kirkman (1980b) has shown that the content of halloysite and its degree of crystallinity increase with depth and, therefore, increase with age.  The depth trends imply an allophane to halloysite transformation based on age.  While age is important from the standpoint of time required to bury a soil with silica-rich tephra, an ample source of silica is paramount to the formation of halloysite.

Biological Influences

Black humus accumulates in soils derived from tephra under humid, warm, well-drained conditions and a grass vegetation (Wada and Harward, 1974).  The humus in these soils coexists with stable aluminum and aluminum-iron humus complexes and opaline silica in the surface horizons (Wada, 1989).  However, allophane and imogolite are absent in these same horizons.  The explanation for this relationship is that the formation of stable aluminum humus complexes suppresses the aluminum ion activity.  As a result opaline silica or other silica polymorphs form instead of allophane or imogolite because the aluminum-humus bonding reduces the potential for coprecipitation of aluminum and silica (Wada, 1989).  This suggests that the formation of allophane and imogolite is dependent on both the amount of humus and its ability to combine with aluminum.

Plants affect monosilic acid concentration and the formation of biogenic opal and opaline silica (Wilding and Drees, 1971).  Biogenic opal forms through the uptake of silica in solution by plants.  Opaline silica forms in the early stages of tephra weathering, which commonly occurs at the surface.  The concentration of silica after surface evaporation or plant evapotranspiration combined with the suppression of aluminum activity by humus accumulation promote the formation of opaline silica (Shoji and Saigusa, 1978).  Biogenic opal can be redissolved to form polymorphs of silica or precipitated with aluminum to form allophane (Parfitt, 1975). 

The type of vegetation can also affect the chemical composition of the soil and the minerals formed from volcanic deposits.  The replacement in 1935 of manuka trees by radiata pine on rhyolitic tephras in New Zealand produced changes in pH, total nitrogen, organic phosphorus, and exchangeable cations (McIntosh, 1980). 

The effect of vegetation on allophane and imogolite has also been investigated.  Grass species tend to promote the formation of Andisols, while forest vegetation tends to foster the formation of Spodosols (Ugolini et al., 1988).  Grass is very effective at recycling base-rich cations that help maintain high pH levels.  This favors the production of allophane and imogolite.  In contrast forest vegetation contributes to the production of organic acids and soil acidification.  Low pH and complexing organic acids inhibit the formation of allophane and imogolite.
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