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I. INTRODUCTION 

It is recognized that the roost active portion of soil is that 

in the colloidal state. There are two distinct types of colloidal 

matter, mineral and organic. These two types of colloids exist in a 

soil as a heterogeneous mixture. The inorganic colloids are usually 

dominant in the surface horizon of most soils and may be the only type 

of colloid present in the subsoil. The mineral colloidal matter in 

most soils exists mostly as crystalline material of various kinds; the 

organic colloidal material is commonly called humus. These colloidal 

materials control the physical and chemical properties of soil to a 

large extent; therefore, they have been subjected to considerable 

study. Considerable research work concerning the clay mineral compo

sition in different soils has been conducted, but much less work on the 

origin of the minerals under different conditions has been done. 

The purpose of this study was to determine the composition of 

the Inorganic colloids as they were first synthesized from basalt, an 

extrusive Igneous rock, and the composition of clays as weathering 

progressed. It was hoped that from this some of the fundamental processes 

taking place in clay mineral synthesis could be deduced. 

Igneous rock areas are especially suitable for studies on clay 

mineral synthesis during weathering since no clays are present in such 

rocks. As basalts occur extensively, they offer excellent opportunities 

for such studies. 

The mineraloglcal composition of soils developed on basalts in 

Australia, Japan, Ireland, and some other countries has been studied. 
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In the United States, work conducted in Hawaii and Western Colorado is 

noteworthy. A great diversity in minerals of the clay fraction was 

reported. This is not unexpected since the clay mineral composition 

Is not only a function of the type of parent material but also of 

cllBUtte, topography, time, and to a lesser extent, vegetation. From 

some of these studies considerable information has been obtained on 

some of the changes occurring in minerals as weathering progressed 

while others must be classed as characterization studies only. Much 

more Information regarding transformations under various conditions is 

needed in order that the proper role of the different factors can be 

determined. 

For this study a basaltic lava area which covers quite a large 

region in Southeastern Colorado and Northeastern New Mexico was selected. 

The sanqiles were taken at a site about 15 miles northeast of Raton, 

New Mexico, and about one mile north of the New Mexico-Colorado line. 

It was decided that clays obtained from weathered basalt and the 

soil material immediately overlying the basalt would be fractionated 

into two siae groups for detailed study. Physico-chemical studies, 

including cation exchange capacity and surface area determinations, 

and identification of the various components of the fractions by x-ray 

diffraction, differential thermal, and dehydration methods were under

taken. 



II. REVIEW' OF LITERATURE 

A. Weathering 

The review of literature concerning weathering is made as it 

applies to this paper only. No attempt has been made to go into detail 

Keller (21) made an extensive study of chemical weathering and 

gave the definition of weathering as follows: 

Weathering is the response of the lithosphere at or near 
Its contact (interface or Interzone) with the atmosphere, hydro
sphere, and biosphere; it is a dynamic segment of the rock cycle 
which operates at this Interzone. 

The rate of weathering upon rocks depends on many factors, as 

indicated by Jackson et al. (20). They expressed the weathering rate 

as a product of intensity factors and capacity factors. The intensity 

factor is a function of temperature (T), water movement (H2O), acidity 

(H ), degree of oxidation (^e). The capacity factor is a function of 

surface, and nature of minerals. A mathematical expression of these 

relationships was derived as shown below: 

Weatliering rate s Intensity factor X capacity factor 

z /Ttenperature (T), water <H-0), acidity 
— 4fi 

(H ), degree of oxidation (̂ e)7 X 

/surface, (S), nature of mineral (km)_/ 

Jackson et al. (20) also gave an expression for the weathering 

state of the soil colloid as being a product of the weathering rate 



multiplied by the time in which weathering has been occurring. This 

expression can be written mathematically as follows: 

Weathering stage * f(T, H2O, H ,4e, S, km) X t 

Since different minerals in a rock do not have the same stability, 

they are weathered to different stages in a given unit of time. By 

using this fact Jackson et al. (20) developed the weathering sequence 

of clay size particles. It is composed of 13 stages. The weathering 

sequence with the most stable stage listed last is given below. 

Weathering 
Stages 

1. Op. Gypsum (also halite, etc.) 

2. Ct. Calclte (also dolomite, aragonite, etc.) 

3. Mr Oilvine-hornblende (also diopslde, etc.) 

4. Bt. Biotite (also glauconite, chlorite, antl-
gorite, nontronite, etc.) 

5. Ab. Albite (also anorthite, microdine, 

stllbite, etc.) 

6. Qr. Quartz (also crlstobalite, etc.) 

7. II Illite (also muscovite, serlcite, etc.) 

8. X Hydrous mica-lntermedlates 

9. Mt Montmorillonlte (also beldellte, etc.) 

10. Kl Kaollnite (also halloysite, etc.) 

11. Gb Gibbsite (also boehmite, etc.) 

12. Hm Hematite (also goethite, limonite, etc.) 

13. An Anatase (also rutile, ilaenite, corundum, 
etc.) 



The application of weathering sequence to colloids of soils and 

sediments was summarized by Jackson et al. (20) based on the following 

fundamental generalizations: 

1. From three to five minerals of the weathering sequence are 
usually present in the colloids of any one soil horizon. 
There is a tendency for the composition of the colloid to 
be in the form of a distribution curve, being dominated by 
one or two minerals with other adjacent minerals of the 
sequence decreasing in amounts with remoteness in the 
sequence. 

2. The percentage of minerals of the early stages of the 
weathering sequence present in a soli clay fraction 
decreases, and the percentage of the successive members 
increase, with increasing Intensity of weathering. 

3. One to three intermediate stages may occasionally be 
absent from the normal sequence, particularly those fol
lowing quartz, giving for example, a quarta-montmorillonite-
kaollnlte colloid, or quartz-kaolinite-gibbslte colloid. 

4. Chie or more stages may occasionally occur out of sequence 
as secondary depositions, particularly gypsum and calclte. 

5. The alteration sequence of the colloidal minerals of 
sedlHientary deposits, under the impact of decreased or 
excluded leaching and oxidation, tends to be the reverse 
of that in the weathering of the colloidal minerals of 
•oils. 

MontAorillonite sediments tend to revert by solution or 
metamorphic processes to micas and earlier stages. A gibb
site sediment reslllcates to kaollnite or even to montmo
rillonlte or illite. 

6. The colloid of a young soil from fresh or recent allu
vial or aeolian sediment would usually represent the 
particular weathering of its source, which would not 
necessarily be an early stage. 

7. Soil geography. The rdneraloglcal composition of soil 
colloids follows the weathering sequence geographically. 

8. Particle surface or else function. The rate of weather
ing of clay siec mineral particles of soils and sediments 
varies according to the surface of the particles, being 
more rapid with incrmaaiag fineness of the particles. 



6 

9. Horizon depth function. Weathering stage decreases with 
depth down into the unweathered D horizon; but this change 
in A, B, and C is not pronounced weathering stage. 

10. The stability factor for silicates in the clay size range 
is a resultant of silicate structural groups in general, 
but is modified by considerable cross-over according to the 
ionic substitution Involved. 

11. Lack of stoichlometry between successive stages of the 
sequence arises through processes of eluviation and 
llluviatlon. 

Fieldes and Swlndale (11) from data obtained in a study of New 

Zealfuid soils, classified the minerals Into five groups according to 

their stability. The weathering sequence of these minerals was sug

gested as shown In Table 1. 

Barshad (2) pointed out that the relative stability of minerals 

was determined by (1) degree of linkage and the number of alumina tetra

hedrons; (2) the presence of ferrous iron or other cations that may 

oxidize during weathering; (3) the packing of oxygen atoms about the cation; 

(4) size of crystal particles during weathering; (5) nature of associated 

minerals. The relative stability of several minerals given by him is 

shown below. 

Olivine 

\ 
Hypersthene 

\ 
Augite 

\ 

t 

Hornblende 

\ 
Biotite 

Calcic plagioclase 

/ 
Calc-alkallc plagioclase 

/ 
Alkaline-calcic plagioclase 

/ 
Alkalj-c plagioclase 

Potash feldspar 

Muscovite 

I 
Quartz 
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It is believed tnat the finer particles are the product of weather

ing of the coarser particles. Therefore, the finer particles Indicate 

less stability and the minerals in this fraction are listed in the lower 

weathering sequence. 

B. Clay Formation 

It is well known that clay minerals are tiie products of weathering 

processes. Clay formation under different weathering conditions has 

been studied extensively. Keller (21), from reviewing the literature 

and his own experiments, suggested the processes of origin of clay 

minerals as shown in Table 2. He believed that the kaollnite minerals 

and halloysite group are produced by chesdcal weathering of alumino-

slllcates If Na, K, Ca, Mg, and Fe ions are completely leached away and 

H ions introduced during the process. He proposed that the BK>ntmorillonlte 

group of minerals are the products of chemical weathering from alumino-

silicates under conditions antithetical to those of kaolinizatlon, i.e. 

the leaching of Na, K, Ca, Mg, and Fe is not intense. The quantity of 

rainfall and ease of percolation through the parent materials are the 

factors controlling leaching. Illite minerals are formed under conditions 

similar to the montnorillonite minerals except the adsorption of K 

between the interplanar layer of clay is needed for the formation of 

illite. 

Wilkinson and Gray (43) made a mineraloglcal study of certain 

Reddish Prairie soils of Oklahoma developed from Permian Red Beds clayey 

deposits and Pmiinsylvanian silty and clayey shaie deposits. They found 

a relationship between the type of clay minerals and particle size. Mont

morillonlte was found to be the dominant clay mineral in the 0.1 Ai 



TABLE 2 

PROCESS OF ORIGIN OF CLAY MINERALS 

by Keller (21) 

1. Crystallization of clay minerals from solution. 

2. Weathering of minerals and rocks. Including volcanic glass, by 

a. Cold fresh water, regularly renewed, usually more 

or less carbonated, 

b. Supplemental action of macro- and micro-flora, 

c. Ocean water (briny), 

d. Lake water (various ionic concentrations). 

3. Dialysis of day minerals (Donnan effect) by 

a. Fresh water 

b. Aided by suppleaental action of plants. 

4. Reconstitution of degraded clay minerals (inheritance of lattice 

energy)by 

a. Restoration of M ions in vacated positions 

b. Exchange or replacement of critical ions. 

5. Hydrothermal alteration of solid rocks. 
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fractions and about equal with illite in the 0.1-0.6^ fractions. Minerals 

other than montmorillonlte and illite were found in larger amounts in 

the 2.0-0.6 /I fractions. Quartz was believed to be the dominant impurity 

in the coarse clay fractions and sesquloxldes in the finer fractions. 

Schmehl and Jackson (36) studied the minerals in soil clays devel

oped from shale, igneous rocks, metamorphic rocks, loess, and alluvium 

materials from Colorado surface soils. By means of combined data from 

total potash, exchange capacity, water and hydroxyl content, surface mea

surement, and x-ray diffraction analysis, they reported that the amount 

of quartz and feldspar in fine silt (5.0-2.0 jj) ranged from 55 to 70%, 

whereas the range In coarse clay (2.0-0.2^) was 30 to 50%. There was 

20 to 36% illite and 4 to 11% kaollnite in the<2.0^ clay fraction. The 

total expanding minerals (montmorillonlte plus vermicullte), content of 

the<2.0yu clay varied from 36 to 57%. The interstratiflcation of 2:1 

layer lattice silicates was found in all fine silt and clay samples. 

Allen (1) concluded from his mineraloglcal study of soils developed 

over olivine basalt in northeastern New Mexico that illite, kaollnite, 

and quartz were the predominant minerals in the 2.0-0.2 jx fraction, and 

interstratifled expanding lattice types in the<0.2^ fraction. He thought 

that the fine clays had b<M»n formed in situ as a result of weathering of 

volcanic ash and other materials of similar weatherabillty. The clay 

minerals in the coarse clay were reported as being either the products of 

weathering in situ of the mixed aeolian materials or may have been deposited 

as such. 

Schmehl and Jackson (36) also observed that the layer lattice min

erals of the fine silt and coarse clay fractions were relatively easy to 



11 

identify by x-ray diffraction analysis. The sharp peaks which Indicated 

high crystalllnity and well defined basal spaclngs were always present. 

The peaks of the medium and finĉ  clays showed poorly defined basal spac

lngs and crystalllnity. It was pointed out that the poorly delined 

spaclngs were probably caused by a combination of poorer degree of orien

tation, small particle size, Interstratiflcatlon, greater crystal imper

fection, and the presence of amorphous matarlals. 

Frederlckson (12) believed that clay minerals were not the stable 

products of weathering. They are very susceptible to changes of environ

ment. The following statement Is by Frederlckson: 

The clay minerals are very sensitive to small changes in 
the cosqfiosltlon, temperature, and pR of their surroundings and 
hence are excellent indicator minerals. Contrary to a frequently 
expressed opinion, the clay minerals are not stable end products 
of weathering but are part of a system existing In dynamic equili
brium with Its components. The rate at which many of the clay 
minerals react to environment changes is often very rapid. 

The following diagram was given by Frederlckson (12) to show 

the development of some of the clay minerals under different conditions. 

Parent Rock 

^¥ 
Mg, Ca, Fe present 

Oxidizing and leaching 

1 
Montnori1lonltes 

^ 1 
- J • 

K, Na, Ca, Fe 
4-* + 

Hydrous mica 
I l l i t e 

Reducing or oxidis ing 

and leaching 

present 

Kaollnite 
Lfaolilni 
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One of the important factors controlling the formation of clay 

minerals Is parent material. Under the same environmental conditions 

different parent materials may cause the formation of different clay 

Hd. neral s. 

Stephen (38) concluded from his study of the residual soils 

derived from different members of the Malvern crystalline complex, bio

tite, granite, applnite, and Ivy-scar-rock in Worcestershire, England, 

that the parent rock was the important factor which determined the miner

aloglcal composition in the soils. The coarser material in the soils 

consisted mainly of the relatively unweathered minerals characteristic 

of the parent rock, while the coa^position of the colloid material reflected 

the trend of alteration of the primary minerals on weathering. The 

colloids of the soils derived frott ultra-basic biotite and hornblende-

rich rocks consisted mainly of the relatively unweathered minerals charac

teristic of the parent rock, while the composition of the colloid material 

reflected the trend of alteration of the primary minerals on weathering. 

The colloids of the soils derived from ultra-basic biotite and hornblende-

rich rocks consisted mainly of chlorite-vermiculite. The amoxmt of illite 

increased as the feldspar content of the bedrock increased. Soil devel

oped from granite showed the highest amount of illite. 

The degree of weathering is one of the Important factors deter

mining the clay mineral formation In soils. Murray and Leinlnger (31) 

showed that the type of clay minerals varied with depth from the surface 

in the soil profile due to the degree of weathering. Three soil profiles 

developed from three different parent rocks, (1) limestone, (2) a Pleisto

cene till of Illinoian age, and (3) a Pleistocene till of Wisconsin age. 
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were studied. It was found that in the residual soil developed from 

limestone, montmorillonlte was the dominant clay mineral and the entire 

profile was highly weathered. Likewise, montmorillonlte was dominant 

in the highly weathered portion of both tills which contained illite and 

chlorite as dominant clay minerals in the unweathered portion. It was 

believed that Illite and chlorite were weathered to montisorillonlte. 

The mechanism for change was believed to include oxidation of the iron 

in the lattice of illite and chlorite and subsequent leaching of magne

sium and potassiiuB. 

C. Weathering of Basalt Rock 

Weathering of basalt rock and clay minerals formed from it have 

been studied in several areas. Sherman (37) Investigated the weathering 

of basalt lava and volcanic ash in Hawaii. He concluded that the sequence 

of type of clays produced, either by the varying Intensity factors or 

by time of exposure to weathering processes, was found to be as follows: 

Primary Secondary Free 
Minerals » Aluminoslllcate -^ Oxides 

Clay Minerals 

The sequence was broken down to its more specific types of products 

as shown in Figure 1. 

Fieldes and Swlndale (11) studied the weathering products in the 

soils from basalt in New Zealand. The results showed that clays of 

mature basaltic soils consisted of goethite, gibbsite, boehemite, anatase, 

and kaollnite. In the less mature basaltic soils, the aBK>rphous hydrous 

oxides were present in addition to variable amounts of crystalline 

oxides and kaollnite. Clay from immature basaltic soils contained a high 
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Basalt lava Volcanic ash 

Alteration 
wet and dry season 

1 
Open forest 

Hydrated iron 

Titanium oxide 

Geological weathering 

^ /• Primary minerals ̂  
4 1 

Montmorillonlte 

>< 

Dyhydration 

Ferruginous Titan!ferous 
Laterlte crust 

Erosion 

Degradation 

New weathering 
surface 

peat swamp ceramic clay 

Ck>ntinuous wet 
climate 

1 
Tropical rain forest 

Hydrated aluminxim 
oxide 

Bauxite Laterlte 

Degradation 

/ 

Figure 1. (hitllne of Weathering in the Tropical Soils of 
the Hawaiian Islands, Showing Primary, Inter-
mediate, and End Products of Pedological 
Weathering 
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amount of amorphous oxides, and then upon aging the oxides were crystal

lized. Crystalline oxides of iron, aluminum, and titanium predominated 

in the clay after the majority of basic silicates had been degraded 

and when aiaorphous oxides were no longer being produced. They believed 

that silica which was not leached away would combine with alumina to 

form a 1:1 silicate in the form of neta-halloysite. Fieldes and Swlndale 

also believed that montmorlllonite could be formed by resillcatlon 

during the weathering of basaltic rock. 

Tiller (42) investigated the geochemical aspects of the weather

ing products of olivine basalt and volcanic tuff of south Australia by 

using thin sections along with chemical and x-ray fluorescence methods. 

He foimd that the main minerals present in the olivine basalt were olivine, 

augite, and plagioclase feldspar. Olivine was weathered readily to a 

light brown unidentifiable Isotopic material on the edges and sometimes 

along fractures of the crystals. Magnetite was believed to be a weather

ing product of olivine and in the most weathered basalt sample examined 

most of the areas originally ooct̂ >led by olivine and In the areas origi

nally occupied by olivine was packed with magnetite. The clay content 

of this soil, a reddish brown to yellowish brown sandy clay, ranged up 

to 25%. Quartz, which was present mostly in the coarse sand fraction, 

was found throughout the profile and decreased with depth. Augite was 

found in the sand fractions throughout the profile. It appeared to be 

more resistant to weathering than olivine Mid plagioclase. Large amounts 

of altered plagioclase were found even in the freshest sample examined. 

Clay minerals in the soil developed on the olivine basalt were kaolin 

and hematite. It was thought that kaolin could have been formed from 

the feldspar and the hematite from the magnetite. It was also thought 
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that the kaolin was probably halloysite, but It could not be positively 

identified. 

Tiller found the first important product of basaltic tuff com

posed mostly of volcanic glass, partially weathered to montmorillonlte, 

and of lesser amounts of kaolin, olivine and highly altered basalt lapilli, 

was montmorillonlte regardless of drainage conditions. The evidence 

for this was the occurrence of montmorillonlte at depth in all profiles 

and in the relatively fresh rock Itself. It seems highly likely that the 

kaolin must have been a product of weathering, possibly under different 

conditions, since It would probably not have been deposited in the tuff 

as such. Tiller does not offer any explanation for the presence of the 

kaolin in the tuff. 

He also pointed out that this montmorillonlte was not stable and 

broke down to kaollnite and goethite under the conditions when the base 

status was decreased due to the more Intense weathering and leaching. 

He observed that montmorillonlte Increased and goethite decreased with 

depth which indicated that the weathering and leaching processes were 

more intense in the surface soil than in the lower horizons. Apparently 

Tiller distinguished the kaolin mineral from montmorillonlte by optical 

ŵ methods. 

^ Another soil scientist who made a study on the clay minerals 

developed from basalt in Australia was Hosfcing (19). He reported that 

the main types of minerals found in these soils were kaollnite and mont

morlllonite. Other minerals such as hydrarglllite, goethite, hematite, 

and quartz were also foimd. The type of clay minerals formed from 

basalt appeared to be determined by developmental trends and internal 

*The word '^kaolin" was used to represent 1:1 layer lattice 
group of silicate minerals. 
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moisture conditions. Where free drainage was obtained and there was no 

approach to drought conditions for any period of years, basaltic parent 

•aterials gave rise to colloids of the kaollnite type. Hydrarglllite, 

goethite, and hematite were a further expression of high sesquioxlde con

tent and conditions allowing complete oxidation. Under different condi

tions, where the moisture status and leaching were low, and droughts 

occurred, montmorillonitic types became the characteristic clays. 

Dean (8) reported that the predominant clay minerals in soils 

developed from the basalt and volcanic ash in Hawaii and Tahiti were 

kaollnite and probably halloysite.- By using the area of the endothermic 

peak between 500-600^C of differential thermal analysis (DTA) curves 

to estimate the amount of kaollnite in soils, he found that the soils 

developed from weathered basaltic lava of the pahoehoe type had higher 

amounts of kaollnite than the soils developed from volcanic ash. He 

believed that this characteristic of parent materials was the factor 

causing the differencs in the amount of kaollnite in these soils. A 

further explanation was given that the removal of certain products of 

decoi^position, under the conditions of heavy rainfall, in porous, only 

partly crystalline materials such as volcanic ash was so rapid that 

there was little opportunity for the formation of kaolintte. Under 

similar conditions, the movement of water and products of decomposition 

in the less porous, coRq[>act lavas of the pahoehoe type of basalt was 

impeded and the conditions for the formation of kaollnite were more 

favorable, but conditions were too intense for the formation of montmo

rillonlte. Evidently, the author was interested mainly in the distribu

tion of kaollnite as a function of differences in the physical nature of 

the parent material. No other minerals were discussed. 
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McAleese and Mitchell (27) Investigated clay mineral formation 

in basaltic soils of northern Ireland. From the results of their work, 

a weathering sequence was suggested as follows: 

'/ 

Parent Rock 
Minerals 
(Plagioclase, — 

Augite, 
Olivine, etc.) 

Polycrystalline 
-̂  Aggregates of • 

Clay Minerals 

Vermiculltev 

Illite -f Kaollnite 

Montmorillonlte' 

J 

McAleese and Mitchell also concluded that the clay size particles 

( 2.0>u) were of a mixed mineraloglcal ccmposition. In the silt aggre

gates, quarts and feldspars with variable amounts of clay minerals were 

found. The clay minerals were either vermicullte (under good drainage 

condition) or BK>ntmorlllonlte (under poor drainage conditions). They 

believed that the amount of each mineral present was determined by the 

drainage condition. No explanation of how quartz was found in the silt 

aggregates was made. 

Ferguson (10) gave the scheme of decomposition of basalt as follows: 

Basalt (largely Platloclase and Ferromagnesians) 

L A montmorlllonite mineral / carbonate of Ca. and Mg (as in 
Black clay soils) 

Kaollnite and/or Halloysite / goethite and/or Lepldocro-
I cite (as in Red soils) 

'—> Gibbsite 
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This scheme was the result of his study of the transformation of 

clay minerals In the Black Earths and Red Loams of basaltic origin in 

Australia. He explained further that montmorlllonite was the clay mineral 

first formed under local weathering conditions. Under a pronoimced 

leaching condition montmorillonlte was weathered to Biinerals of the 

kaollnite group by loss of Ca, Mg and Fe. Kaollnite was further decom

posed to gibbsite. Ferguson did not believe the kaollnite would reslli-

cate to montmorillonlte under local conditions owing to the difficulty 

of resynthesls of montmorillonlte in the absence of basic ions and excess 

silica. 

Hlgashi and Aosine (18) made a mineraloglcal study of soils devel

oped from olivine basalt in Kyushu, Japan. Two particle sizes, 2.0yu 

and 0.4 ;a, were used. The results showed that the day size particles 

of the soils contained halloysite and hydrated halloysite with illite, 

vermicullte, chlorite and amorphous iron oxides, and in some cases also 

gibbsite and hematite. The estimate of mineral composition of 0.4^ 

is shown in Table 3. 

Hlgashi and Aomine further reported the presence of interstrati

fled minerals of illite, vermicullte and chlorite and the composite of 

halloysite and hydrated halloysite. The amount of halloysite and vermi

cullte tended to increase and hydrated halloysite and interstratifled 

minerals to decrease near the surface of the soil. It is surprising to 

observe such a high percentage of Illite in the soils from olivine basalt. 

The authors did not explain how illite was found in such a large percen

tage in the soil developed from material which originally contained only 

small amounts of potassium. 
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Retzer (33) made a study of soils developed from basalt adjacent 

to and on the Grand Mesa in western Colorado where the elevation ranges 

from 5,000 to 10,800 feet. He found that the oldest soils were devel

oped on the west end of the mesa which has never been glaciated. These 

soils might have been developing continuously since the lava flow in 

late Tertiary or very early Pleistocene time. The thickest clay pan 

was found in these soils. The east side of the mesa was covered with two 

glacial tills of different age. Soils developed from the old till 

ranged from moderately to well developed, but the soils developed from 

the new till were poorly developed. The reason for this was the relatively 

short tlBie the new till has been free of glacial action. Retzer stated 

that the time factor was dominant on the soils of the glaciated area 

and the vegetal-climatic factors acting on basalt were the important 

factors of the soils in the iinglaclated area. 

In a later paper, Retzer (34) reported on the laboratory studies 

of soils developed from different parent rock in the alpine region of the 

Rocky Mountains. He reported that the cation exchange capacity of soils 

developed from basalt varied from 8.4 me/100 gm in the C^ horizon to 

58 me/100 gm in the A^^^ horizoa. The silt percentage (0.05-0.002 mm) 

of this soil varied from 7.9 % in the Cg horizon to 47.6% in the A 

horizon. The clay fraction ( 0.002 mm) varied from 12.2% for the Ci 

horizon to 17.7% for the A,, horizon. The B^ horizon contained 35% silt, 

35% sand, and 30% elay. The soils had restricted internal drainage 

due to the presence of dense clay pans. 

The clay mineral data of different fractions of the B horizon of 

soils developed from basalt reported by Retzer (34) is shown in Table 4. 
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However, Retzer concluded from his mineraloglcal studies that 

the clay idnerals probably formed from the mixture of parent materials 

This may be the explanationcf the presence of quartz and orthoclase 

in basaltic soils. 

D. Cation Exchange Capacity and Surface 
Area of the Clay Minerals 

Grim (15) listed the range of cation exchange capacity of clay 

minerals as shown in Table 5. 

TABLE 5 

CATION EXCHANGE CAPACITY OF CLAY MINERALS 

Me/100 gms. 

Kaollnite 

Halloysite 2H2O 

Halloysite 4H 0 

Montmorillonlte 

Illite 

Vermicullte 

Chlorite 

Seplolite - attapulgite - palygorskite 

3-15 

5-10 

40-50 

80-150 

10-40 

100-150 

10-40 

20-30 

A range in the exchange capacity of the various mineral species 

is given because different investigators have reported different values 
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This is not unexpected since the exchange capacity of a particular 

species varies with such features as particle size, lattice substitu

tions and degree of crystalllnity. Grim and Bray (16) have given 

interesting data concerning the variation of cation exchange capacity 

of illite due to particle size. This is shown in Table 6 

TABLE 6 

VARIATIONS IN THE CATION-EXCHANGE CAPACITY 
OF ILLITE WITH PARTICLE SIZE 

Sample Particle Size 
Number ji 

Cation Exchange Capacity 
Me/lOO 

18, 
21. 
33. 

13. 
20, 
27, 

20. 
30 
41 

gms. 

.5 
,6 
.0 

.0 
• 0 

.5 

.0 

.0 

.7 

A 1-0.1 
0.1-0.06 

0.06 

B 1-0.1 
0,1-0.06 

0.06 

C 1-0.1 
0.1-0,06 

0.06 

Harmon and Fraulini (17) showed that the base exchange capacity 

and specific area of kaollnite was increased as the particle size de

creased. However, Caldwell and Marshall (7) demonstrated that the cation 

exchange capacity of clay minerals In the sontmorillonite group was 

affected by particle size in lesser degree than kaollnite and illite. 

This can be explained in the case of kaollnite and illite in which the 

exchange capacity is due primarily to broken bonds; therefore, an increase 
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in the cation exchange capacity Is to be expected with a decrease In 

particle size. In the case of expandlof-lattice minerals vnere most of 

the exchange is on accessible basal pla e surfaces, particle sise seems 

to have little effect. 

McConaghy and McAleese (26, 29) reported the cation exchange 

capacity of the basaltic soils of Northern Ireland decreased with depth 

in the profile. The amount of cation exchange capacity of this soil 

ranged from 41 to 60 me/100 gm. of soil. The exchange capacity of the 

separates larger than 2 ^ in effective diameter was thought to be due 

partially to the presence of some clay contaminant, but actual silt and 

sand particles also had considerable exchange capacity. 

McAleese and Mitchell (28) after doing additional work on the 

same soils reported that the high cation exchange capacity of the silt 

particles was due to (1) a small contribution of true clay size particles 

cemented into aggregates by free sesquloxldes, and (2) a major contri

bution from 'pseudo-aggregates'^ idbdLch had exchange capacities of 90-100 

me/100 gms. These pseudo aggregates appeared to be individual particles. 

They resisted dispersion even after prolonged reduction treatments. 

The workers were of the opinion they were individual particles of pri

mary ferromagnesian minerals which were partially decomposed to silicate 

clay minerals such as vermicullte or montmorillonlte. 

Wilkinson and Gray (43) found that cation exchange capacity and 

total ethylene glycol retention increased somewhat proportionally to the 

decrease in particle size of clays segrsgated from Reddish Prairie soils 

in Oklahoma. The amotmt of total ethylene glycol retaxition and cation 

exchange capacity increased as the particle size decreased. 
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Hlgashi and Aomine (18) showed that the cation exchange capacity 

of the fine clay (<.0.4yu) of soils from olivine basalt in Japan varied 

from 39.55 to 51.54 me/100 gm. of soil. No data for the coarse clay 

was given. 

Allophane and amorphous materials were found to be the important 

components of clay in some soils from basalt and volcanic ash in New 

Zealand as reported by Birrell and Fieldes (4). After the study of 

andlcltic volcanic ash soils. It was considered that an allophane mineral 

was the factor responsible for certain physical and chemical properties 

of the soils. They placed the allophane minerals i'> the high cation 

exchange capacity group due to the fact that it took up a considerable 

amount of alkali metal ions. However, according to the authors, allo

phane has been considered previously to be in a low base exchange capa

city group of clay minerals. 

Gradwell and Birrell (14) have given base exchange capacity and 

surface area data of clays developed from volcanic ash in New Zealand 

as reported in Table 7. 

Diamond and Klnter (9) suggested the glycerol method t>r measur

ing surface area of clay minerals. By using this method the total sur

face area of 749 m^/gm was given for montmorillonlte (<0.2^), 91 m /gm 

for H-35 illite «2.0;n), 23 mVgm for H-1 kaollnite (̂ 2.0 ;a), 76 m^/gm 

for H-126 halloysite and 260 mVgm for an Ando allophane soil from Japan, 

The influence of the saturating cation on the surface area was 

discussed by Diamond and Klnter (9). Some of the cations collapsed some 

of th* expanding layers which resulted in a decrease of the internal 

surface area. Na^saturated clays gave an unusually high value for 
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external surface and a correspondingly low value for internal surface. 

This could be caused by an extreme dispersion of the Na saturated clay 

into very thin particles. Relatively lower external surface area values 

and higher internal surface areas were obtained from clays saturated with 

+ -* -•• + 
polyvalent cations. The values for the divalent cations, Ca and Fe 

appeared to be similar while Mg yielded a somewhat higher internal 

surface value. The clays saturated with trivalent cations, Fe 

and Al , gave similar values for surface area to the clays saturated 

with Mg. 

The relation of particle size to surface area was also studied. 

The relations between the external and internal surface areas and particle 

thickness and width had been worked out on the basis of a simplified 

model of a montmorillonlte particle. It was shown' that the ratio of 

internal to total surface could possibly provide an estimate of particle 

thickness for a given montmorillonlte. 



III. MATERIALS 

Two types of material were used in the study. One was the highest 

weathered basalt underlying the soil profile. The other consisted of 

loose unconsolidated material immediately overlying the basalt (C^ hori

zon). The profile description may be found on page 30. 

Photographs of some of the general features of the area and the 

soils exposed on the east side of Johnson Mesa are shown in Figures 2, 

3, 4, and 5 (See pages 31, 32, 33, and 34). It was not possible to photo

graph the site from which the samples used in this study were taken. 

Weather conditions at the time (October 29, 1960) when the investigator 

was in the area were such that the site was inaccessible. 

The soil is developed over a Raton basall; which was classified as 

an olivine basalt by Stobbe (40), and is shown in Table 8. 

TABLE 8 

AVERAGE MINERAL COMPOSITION OF RATON BASALT 

Raton Basalts 
Minerals (Voliuie Percentages) 

Plagioclase 50 

Pyroxene 28 

Olivine ^ 

Magnetite 13 

*The profile description was made and the samples were collected 
by Dr. B. L. Allen. 

29 
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'VA •^:'^ 

A. Barela Mesa in background 

B, Barela Mesa in background (taken from 
west end of Johnson Mesa) 

Figure 2, Photographs of Topographic Features of the Area 
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A. Bartlett Mesa in background (Bartlett 
and Barela Mesa occupy similar top
ographic positions and are capped 
with basalt believed to be of the 
same age.) 

B. Edge of Johjison Mesa (Note contrast of 
vegetation in the canyons and on the 
Mesa surface.) 

Figure 3. Photographs of Vegetatlonal Features of the Area 
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B 

Figure 4. Photographs of $oil Profiles o i the East Side of 
Johnson Mesa 
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A, ::urface of weathered basalt which is shown 
at the bottom of profile in Figure 4-A. 

B, Exposure of basalt along road cut eastern 
slope of the Mesa. 

Figure 5. Photographs of Weathered Basalt or. the East Side 
of Johnson Mesa 
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Allen (1) made a thin section study of the basalt from which the 

clay was obtained for this study. The estimated composition was as follows: 

Labradorite 70% 

Augite 20% 

Olivine-Iddingsite 7% 

Magnetite-Hematite 3% 



IV. METHODS 

A. Fractionation 

The sample from the Cj horizon was ground and sieved through a 

eo-mesh screen. Approximately 300 gms. of soil were used. The sample 

was treated with 30% hydrogen peroxide (H2O2) to destroy organic matter. 

Hydrogen peroxide was added until no reaction was observed; then the 

sample was heated to a temperature of about 80^C to destroy the unused 

^2^2* 

The calcium carbonate (CaC03) in the soil sample was eliminated 

by treating the sample with 0.5N hydrochloric acid (HCl) until the pH 

remained at 4.5. Then the sample was filtered through a Buchner funnel, 

then washed with distilled water several times until free of chlorides 

as shown by the silver nitrate (AgN03) ̂ ^^t* To disperse, the pH of 

the sample was raised to 10 by using 0.5N NaOH and then shaken for 10 

hours with a reciprocating shaker. 

After the sample was completely dispersed, the clay particles 

( 2.0 ̂ ) were separated from sand and silt particles by using the sedi

mentation method. Stoke's law (3) as shown below was used for calcu

lating the time needed for the particle to fall the required distance. 

V - 2 (dp-d^)gr^ 
9 ^ 

36 



37 

V - velocity 

g s acceleration due to gravity 

r s radius of particle 

p = viscosity of water 

d 3 density of particle 

d̂  « density of water 

The desired sedimentation distance of the particles was measured 

directly from the cylinder. Then the time needed was calculated from 

the velocity values obtained from the equation mentioned above. The 

separation was made by pouring the sample into the cylinder. Distilled 

water was then added to the marked level, and stirred with a plunger. 

Siphoning was made after the calculated period of time. To avoid dis

turbance of the sedimented portion when siphoning, the apparatus as 

shown in Figure 6 was used. After the first siphoning, distilled water 

was added to the marked level and the 8aî >le stirred again. The suspen

sion was again siphoned off after the same period of time. This opera

tion was repeated several times until the suspension was almost clear. 

The clay suspension was evaporated with low heat supplied by 

several light bulbs. Then the clay fraction was separated again into 

two particle sizes, 0.2/i, and 2.0-2ju. This was done by using a centri

fuge to separate the particle sise 0.2>u from the particle size of 

2.0-0.2/1. Stoke'8 law (3) modified for use with a centrifuge was used 

to calculate the time required. The equation is shown below. 

y) log 
t « 

Rg 

r2̂ 2 3.81xN^r-*(dp - di) 
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WTM 
//./ // mwimiiiiiimmmn 

calculation of t ) 

^ a n d avici 
^ilt particles 

(— fubbcr tube 

elau particles C<3L.o/") 

1 cm.. 

Figure 6. Siphonina appamtus 
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t « tine 

p » viscosity 

R a distance from center of centrifuge 
to the top of liquid in cm. 

R2 » distance from center of centrifuge 
to the bottom of liquid in cm. 

N m revolutions per second 

r m radius of particle 

d = density of particle 

d s density of water 

The clay suspension was put into 250 ml. centrifuge tubes and 

centrlfuged for the required time. The supernatant suspension ( 0.2/i 

clay) was then decanted into a beaker. Distilled water was added to 

the tubes, stirred, and the suspension centrlfuged again. This was 

repeated until the supernatant liquid was clear. The 2.0-0.2 u clay 

fractions, which settled in the bottom of the tubes, was removed. A 

new portion of the clay suspension was poured into the centrifuge tubes 

and then the separation was made the same way as was described above. 

After the separation was finished, the suspensions were divided into two 

portions. One portion was evaporated cosqpletely for surface area, cation 

exchange capacity and differential thermal determinations. The other 

portion was partially evaporated to be used for x-ray diffraction analysis. 

The surface of the weathered basalt was cleaned of foreign minerals, 

which could have come from the overlying soil, by using a steel brush. 

Then the sample was ground and sieved through a 60-mesh screen. The 

ground sample was soaked In water for 24 hours and then shaken for 2 hours 

to wash the clay size fraction out of the rock particles. Sand size 
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particles were separated out by passing the sample through the 44 ii 

(approximately 300-mesh) screen. The sample was then treated with H2O2 

and IK;1 SO that the treatments would be the same as for the unconsoli

dated material. The sample was dispersed by treating with NaOH before 

separation of the clay sized fractions was made. The separation was 

done by sedimentation and centrlfugation as described for the separa

tion of the clay fractions in the unconsolidated materials. 

To find the percentages of coarse clay, 2.0-0.2 11 and fine clay, 

0.2^ in unconsolidated material, a 25 ml. aliquot of each clay suspen

sion was pipetted out and put into weighing bottles. The samples were 

dried in the oven at 105 C and weighed. The percentages of the two 

fractions were calculated from their weight, 

®* Niô sture Determination 

Allquots from the clay fractions, coarse (2.0-0.2^) and fine 

( 0,2 u), of the unconsolidated material and weathered basalt were 

weighed in aluminum cans. The samples were heated in the oven at a 

temperature of 105*̂ 0 for 24 hours and weighed. The moisture-percentage 

was calculated from the weight lost by heating. The moisture percentage 

was needed so that certain measurements, i,e., cation exchange capacity, 

could be determined on an oven dry basis. 

C, Cation Exchange Capacity 

The cation exchange capacity of the clay fractions was determined 

by using the method described in the U,S,D.A, Handbook No. 60 (35), 
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The amount used in this study was less than recommended because of the 

limited quantity of the samples. The weights of samples used are shown 

in Table 9 (See page 45), The standard curve was prepared by using the 

following concentrations of sodium chloride solution: 0,0, 0.2, 0,4, 

0,6, 0.8, 1.0, 1.4, 2,0, 2.4, 3.0, 3.4, and 4,0 me/1, 

®* Surface Area Measurements 

Two methods were employed in the determination of surface area. 

The first method was suggested by Bower and Bschwend (5). The other 

method, using the retention of glycerol as a measure of surface area, 

was described by Klnter and Diamond (24, 25). The amount of sample 

used for this study is given in Tables 10 and 11. 

£. X-Ray Diffraction Procedures 

To orient the clay, several drops of the suspension were dropped 

on a 25 X 44 mm. glass slide and dried. It was necessary that the glass 

slide should be placed on a level object so that even distribution of 

the clay suspension on the glass slide could be obtained. After orienta

tion, the plates were x-rayed with a Phillips Norelco unit using Cu k <>c 

o 
radiation and a Ni filter. The plates were scanned between 3 and 35 29. 

A scale factor of 2 was used for the coarse clay from weathered basalt. 

A scale factor of 4 was used for the other three samples since the record

ing pen went off the chart using a scale factor of 2. A time constant of 

4 was used for all samples. 

After the first scanning, the oriented plates were heated to 175^0 

for at least three hours and scanned again. The procedure was repeated 

o o 
after 400 C and 560 C treatments. 
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Unoriented samples, or powder samples, of fine and coarse clays 

from unconsolidated materials were also diffracted and the same series 

of heating treatments made to compare with oriented samples. There was 

not enough sample of clay from weathered basalt to obtain a powder pattern. 

A scale factor of 2 and a time constant of 4 were used for the powder 

samples. 

F, Differential Thermal Analyses 

Differential thermal analyses (OTA) were made in all four clay 

samples. 

G, Dehydration Studies 

The dehydration studies of the clay fractions were made by using 

o 
a thermobalance. The total loss of weight at 700 C of each sample was 

o 
assumed to be 100 per cent. The per cent weight loss at 100 C intervals 

was calculated and plotted against the temperature. 



V. RESULTS AND DISCUSSIONS 

A, Proportion of Fine Clay and Coarse Clay 

The per cent of fine clay and coarse clay from the unconsolidated 

material was calculated. The material had 56,5% fine clay ( 0,2 ;a) 

and 43,5% coarse clay (2.0-0,2^), The relative proportion of fine clay 

and coarse clay from the weathered basalt was .ot obtained. However, 

the amoiuit of coarse clay was considerably higher than the amount of 

fine clay. This was expected since many of the clay size particles 

from the weathered basalt were merely finely subdivided primary minerals. 

Most of the synthesized clay would be in the fine clay fraction. 

B. Moisture and Cation Exchange Capacity 

The per cent of moisture and the cation exchange capacity of 

each clay fraction are shown in Table 10. The data show that the fine 

clay frcMR the unconsolidated material has higher moisture content than 

the coarse clay from the same material. This is also true on the clay 

from the weathered basalt. The moisture content of the fine clay from 

weathered basalt is considerably greater than the coarse clay from the 

same material and even greater than the fine clay from the unconsolidated 

material. This probably is due to the fact that the sample contains 

more expanding layer mineral than the fine clay from the weathered basalt 

Water is trapped in between layers of expanding clays and is not driven 

off at such a low temperattire. A higher content of exceedingly small 

particles is probably also a factor, 

43 
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The cation exchange capacity of the fine clay from unconsolidated 

material is more than twice as high as that of the coarse clay from the 

same sample. The cation exchange capacity of the fine clay falls into 

the ranges of the exchange capacity of the expanding lattice minerals, 

therefore It is believed that this clay is composed mostly of the expand

ing lattice types. The lower value of the cation exchange capacity 

of the coarse clay from the same sample is probably due to differences 

in the mineraloglcal composition between the two clay fractions. The 

coarse clay appears to be composed mostly of fixed lattice minerals. 

It has been reported by Grim (15), and Harmon and Faulini (17) that 

cation exchange capacity is affected by particle size. The difference 

in particle sise between the two fractions would be a contributing cause 

to the higher values obtained for the finer fraction. This is under

standable in light of the greater surface exhibited by the finer particles. 

The cation exchange capacity of the two fractions of the clays 

formed from weathered basalt shows that the fine clay has higher cation 

exchange capacity than the coarse clay. The reasons for this are believed 

to be the same as mentioned before, i.e., composition and particle size. 

A comparison of the cation exchange capacities of the clays segre

gated from the weathered basalt and the clays obtained from the unconsoli

dated material indicate that both fractions from the weathered tasalt have 

much lower values than the fractions from the unconsolidated material. 

This is probably due to the difference in the mineralogic i composition 

of the clays from the two samples. The fine clay from weathered basalt 

is thought to be composed mostly of newly formed amorphous compounds or 
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poorly crystallized clays while the fine clays from the xmconsolidated 

portion are composed of materials with better crystalllnity. 

TABLE 9 

MOISTURE PERCENTAGE AND CATION EXCHANGE CAPACITY 

Sasiple 

Weight of 
air dry 
sample Moisture 

Weight of 
oven dry 
samples 

Cation 
exchange 
capacity 

gms gms me/100 gm 

Fine clay from 
unconsolidated 
material 0,5086 7.12 0.4724 137,59 

Coarse clay from 
uneonsol1dat ed 
material 1,503 6.42 1.4071 56,85 

Fine clay from 
weathered basalt 0.5000 10,91 0,4454 84.19 

Ctoarse clay frcMs 
weathered basalt 0.5000 4.54 0.4V73 36.66 

C. Surface Area 

The results of the surface area measurement using the method of 

Bower and Gschwend (5) are shown in Table 10 (See page 49), The data 

show that the coarse clay from the unconsolidated material has a higher 

total surface area and internal surface area than the fine clay from the 

same material. The results are not in agreement with those reported by 

Grim (15) and Harmen and Fraulini (17) that the surface area increases 

as the particle size decreases. In addition, the cation exchange capacity 

study seems to indicate that the fine clay cxtnsists of more expanding clay 

than the coarse clay which should cause an Increase in surface area. 
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Because of the surprisingly low values obtained for the fine 

clay, it was decided to make the lueasurement again. On this subsequent 

test, no clearly defined end point could be obtained during the removal 

of the ethylene glycol. Using the only detectable flexure in the curve 

2 
as an end point, a surface area value of 693.5 m /gm was calculated. 

This appears to be a considerably more reasonable value than that first 

obtained. However, this value is questionable because of the end point 

problem. Because of the erratic values obtained for the fine clay 

using the method of Bower and Gschwend, not too much importance can be 

attached to them. 

The reason why such erratic results for the fine clays were 

obtained may be due to a large quantity of amorphous constituents. 

However, further work will have to be done in order to evaluate this 

possibilxty. 

The surface area determination of the coarse clay was not repeated 

due to the lack of sufficient quantity of sample; however, the first 

measurement showed a very good end point. 

The external surface area value for the fine clay from the uncon

solidated material is higher than the coarse clay from the same material. 

This is more in line with the expected results since the clay with smaller 

particle sise should have more external surface area. 

Because of the limited quantity of samples of clays from the 

weathered basalt, it was decided that only external surface areas would 

^Amorphous constituents are all minerals which lack crystal 
structure. 
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be measured. The results show the fine clay to be slightly higher in 

external surface area than the coarse clay. This is probably caused 

by the smaller particle size of the fine clay. 

The external surface area data show great differences between 

the clays from unconsolidated material and the clays from weathered 

basalt. This is thought to be due mainly to the difference in the mineral 

components contained in the clays. The study of the mineraloglcal com

position of these clays will be discussed later. 

To check the surface area values of the clays, the method of 

Kinter and Diamond (24, 25) was employed. The results are given in 

Table 11 (See page 50), The data show the fine clay from tmconsolidated 

2 
material to have a total surface area of 505,0 m /gm, external surface 

2 2 
area of 92.3 m /gm, and internal surface area of 412./ m /gm. The coarse 

2 
clay from the same sample has 263,7 m /gm for total surface area, 83,5 

2 2 

• /gm for external aurface area and 180,2 m /gm for internal surface 

area. The difference of the internal surface area between the fine 

clay and coarse clay is believed to be caused by the difference in min

eraloglcal composition. The fine clay has more than twice as much inter

nal surface than the coarse clay. This indicates that the fine clay con

sists of a larger quantity of expanding minerals than the coarse clay. 

The difference in the external surface area is thought to be caused by 

the particle size. 

For comparison, a standard montmorlllonite (Bentonite from Upton, 

Wyoming) and a standard kaollnite (Birch Pit, Macon, Georgia) were ground 

and passed through a 300-mesh screen and used for surface area measure

ment. The results obtained are given in Table 11 (See page 50), The 
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data seem to confirm thst the fine clay from the unconsolidated material 

consists mostly of expanding clay minerals with some fixed lattice 

minerals. 

Only the coarse clay from the weathered basalt was used to measure 

surface area by Diamond and Klnter*s method because of an insufficient 

quantity of the fine clay. The results of the surface area measurement 

2 2 
of the clay from the weathered basalt show it has 213.6 s /gm, 56,7 m /gm, 

2 

and 157,0 m /gm for total, external, and internal surface area, respect

ively. The values for the coarse clay from the weathered basalt are slightly 

smaller than the coarse clay from unconsolidated material, and can probably 

be explained by differences in mineraloglcal ccmposition. The mineraloglcal 

coaq>osition of these two fractions will be discussed in the x-ray study. 

Comparing the surface area values from the two methods, the isethod 

of Diamond and Kinter appeared to be somewhat more accurate and gave 

values 1^1ch were in better agreement than other measurements. This 

was probably due to the more precise end point obtained. However, Bower 

and (Soertzen (6) have recently suggested a revision of the awthod of 

Bower and Gschwend (5). Unfortunately, it was discovered too late to 

include in this study. 

D. K-Ray Diffraction Studies 

Studies on the structure of the silicate clays have shown that 

each mineral has a characteristic 001 (basal) spacing. The distance of 

these spacings can be detected by x-ray diffraction using Bragg's law: 

n ̂  « 2d sin 0 
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-recHHOĝ ^̂ Slv 

toL^' eoe 



50 

r4 W 

e e 
d V 
h d « e «4 e 
4« N »4 
d 3 < 

HI (» 

e e a o 
u tt ft stt. as* 

9 
9 9 
•M 'M 
O U 
H 3 

CO 
s 

7i 
g 
e 
d 
M 

ro
l 

tt 
o 
»H 

o 

§ 
•H 
4.* 

S 
+» 
9 
OS 

d 

a 

eo 
c*-

. 
d 

r-i 
d 
. 

o 
00 
•H 

t-
« 
• 
«0 
to 
iH 

lO 
c> 
e 

00 
CO 
"<*• 

CO 
fH 
. 

00 
CO 

d 
fl 

e 
be 

*st 

!H 
CO 

, 
d 

00 

, 
eo 
00 

CD 
CO 
. 

CO 

CO 
• o 

d 

(£) 
* 

eo 

o 
to o 
(O 

0> 
CO 
« 
95 
(0 
d 

r-
m 
• 
CO 
M 
d 

o «..;;' 
, 

a* lO 
^.v. 

a> 
00 
e 

fH 
00 

e 
E 
4-* 

d 

25 
9 *» 
H 9 
O 9 

06 

f^ d 

tt 9 *> 
<M O d 

.0 >» e 
|>* f H 4<* o « a: 

I 

al 
o 9 

<J> 

^ 
t^ 
• 

d 

^̂  
00 
, 

d 

lÔ  
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where: 

n = order of diffraction (1, 2, 3, etc.) 

A • wave length of the radiation. Cu k oc: 
radiation was used in this study, 

d s planar spacings 

O s incident angle of the x-ray beam (The 
angle of diffraction is equal to the 
angle of Incidence.) 

Important d spaclngs and corresponding 2 0 values are shown on 

the accompanying x-ray patterns. The 2 O angle was measured by the dlf-

fractometer and the d spaclngs were calculated. 

The x-ray diffraction patterns for the fine clay from the uncon

solidated material are shown in Figure 8 (See page 59). These series of 

patterns indicate that the fine clay is ccmposed mostly of minerals which 

have a d^Q^ spacing or more than lOA^. The pattern obtained for the 

glycerated plate (Figure 7; see page 58) shows the presence of montmoril

lonlte and possibly vermicullte, as shown by the first order peak, 001, 

at 14A^j second order peak, 002, at 7.2A**; and fourth order peak, 004, at 

3.66A*'. The peak at about 11 A** from the glycerated and unglycerated 

plates probably indicates the presence of randomly interstratifled illite 

and vermicullte, illite and montmorlllonite, or a combination of the three. 

o 
All of the d spacings of these minerals were shifted to lOA after heating 

as indicated by the presence of the 10A° peak and the 003 line which shows 

o 
up at 3,3A . 

There is a weak 7.2A peak which shows the presence of some kaollnite. 

This peak increased when the plate was heated to 175 C. This phenomenon 

possibly indicates the presence of halloysite since halloysite collapses 
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o o 
to 7.2A after heating. The 7.2A peak disappeared when the plate was 

o 
heated to 400 C. The question arises to why this peak disappears at such 

a low temperature. Usually kaollnite or halloysite do not lose struc

tural OH groups at a temperature lower than SOO^C, However, it can pos

sibly be explained in two ways: 

A, The poorly organized structure of the minerals 

may cause them to lose OH water at a lower temper

ature. Grim (15) reported that poorly crystal

lized kaollnite was destroyed or lost OH groups 

at lower temperature than the well crystallized 

variety. 

B. The exceedingly small size of many of the fine 

clay particles may cause them to lose their 

crystalllnity at lower temiperatures, Grim (15) 

has shown that the magnitude of thermal reac

tions and the temperature at which they occur 

decreases as the particle size decreases. The 

small size of particle may affect the structure 

of kaollnite and halloysite and cause them to be 

destroyed at a lower tem>erature. 

The powder sample of the fine day was also studied. The results 

are similar to that of the oriented sample, except the 001 lines are 

much weaker, as expected, than in the preferentially oriented sample. 

The patterns are shown in Figure 10 (See page 61), 

The x-ray diffraction patterns of the coarse clay from the uncon-

solidsted material are shown in Figure 9 (See page 60). The glycerated 
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plate (Figure 7; see page 58) suggests that the clay consists mainly 

of kaollnite, feldspar, and quartz, as shown by the 7.2A°, 4,05A°, and 

3.34A^ peaks, respectively. The peak above 17.7A*̂  indicates the presence 

of some expanding clay. There is a slight suggestion of illite, which is 

shown by a small peak at lOA^. The pattern of the unglycerated sample 

shows a stronger lOA^ peak and this peak Increased after heating which 

is due to the shifting of the d spacing of the expanding lattice minerals 

to lOA , A possible explanation of why the lOA^ peak is indistinct 

on the pattern of the glycerated slide is that the glycerated plate was 

prepared from the more concentrated suspension than that used for the pre

paration of the unglycerated plate. The glycerated plate may contain 

more of the coarser particles than the unglycerated plate, since only 

the portion of the clay suspension was used for the preparation of the 

slide. Some of the coarse fractions were settled on the bottom of the 

beaker. Illite would probably be concentrated in the finer particles 

of this coarse clay fraction. The stronger quartz peak obtained for the 

glycerated sample also indicated that it contained a larger amoimt of the 

coarser fraction than the unglycerated plate. 

It is interesting to note that the kaollnite peak was still pre

sent after the sample was heated to 400^C but disappeared after it was 

heated to 560^C. In comparison, the kaollnite peak of the fine clay 

disappeared after being heated to 400^0 and indicates that the kaollnite 

in the fine clay had poorer crystalllnity than that in the coarse clay. 

The presence of quarts in the coarse clay from the unconsolidated 

material and illite in the fine and coarse clay from the unconsolidated 

material brings up the question as to how illite and quartz are formed 
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from basalt which has a low content of K and 81. However, Allen (1) 

reported that the parent material of this soil was a mixture of basaltic 

lava and aeolian materials, the latter being composed probably of two 

typeu of material, volcanic ash and a loess-like substance. Illite and 

quartz may be a product of the weathering of the wind blown material. 

It is also quite possible that the illite in the coarse clay may have 

formed through the alteration of mica which was added in the aeolian 

material. There is a further possibility that illite may have formed 

from the expanding lattice types through the addition of potassium 

released in the weathering of primary minerals such as K feldspars and 

mica which were contained in the overlying aeolian additions. 

The results obtained from the powder samples which are shown in 

Figure 11 (See page 62) are somewhat similar to the oriented clay pat

terns. The patterns show the cx>arse clay to be composed of some expand

ing clay minerals, kaollnite, quartz, and feldapar. The 001 peaks of 

the clay minerals in the powder samples are weak, but the quartz peak 

at 3.36A® and the feldspar peak at 4,09A^ are stronger than in the 

oriented plate. This is to be expected because in oriented samples the 

clays are oriented so that they rest on the 001 faces. Consequently, 

the 001 planes are stronger in the patterns. Conversely, an attem>tIs 

made to obtain random orientation on the powder samples, i.e., no parti

cular planes are emphasised. Probably a higher per cent of coarse part

icles is contained in the powder samples than is contained in the ori

ented sample. This may be a contributing factor to the stronger quartz 

and feldspsi* peaks in the powder sample. The oriented plates were pre

pared by taking the material in suspension only. This means that some 

of the larger particles would have already settled out; whereas, in the 
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powder sample the entire fraction would necessarily be used. This may 

o 
also mrplain the absence of the lOA peak. 

The x-ray patterns of the oriented fine clay from the weathered 

basalt are given in Figure 12 (See page 63). The broad peak at approxl-

o 

mately 12.6A is evidence of the presence of somcacpanding lattice 

material. This peak may be due to: (a) montmorillonlte (or possibly 

vermicullte) which has only one molecular layer of water in the inter-

layer spaces; (b) interstratiflcatlon of expanding and fixed lattice 

units. Grim (15) reports that such a spacing Is common for Na saturated 

montmorillonlte. This peak is shifted to lOA after heating, but the 

lOA^ peak decreases when the day is heated to 560 C, The decreasing of 

the peak at this temperature indicates that the clays are partially 

destroyed at this temperature. It is believed to be caused by the poor 

crystalllnity of the minerals. 

Amorphous material is believed to be an Important component of 

this clay fraction since the x-ray patterns of this clay show only 
few distinguishable peaks. 

o 
There is a slight indication of a kaollnite peak at •.2A , 

This peak disappears Wben the day is heated to 400°C. This may have 

been caused by the same reasons which were proposed previously In the 

discussion of the fine clay from the unconsolidated material. 

The x-ray patterns for the coarse clay from the basalt are given 

in Figure 13 (See page 64), The patterns show that the clay is composed 

mostly of feldspar, probably labradorite, as this is the normal plagio

clase In basalt. The 4,05A^ and 3.18A^ peaks are due to the feldspar. 

No distinct change was observed when the sample was heated to the higher 
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temperatures; however, some expanding clays were present as shown by 

o 0 9 

the appearance of a lOA peak after heating to 400 C and 560 C. The 

presence of the lOA^ peak at these temperatures Indicates that the 

expanding clays which had a d spacing larger than 10A° were shifted to 

lOA^ by losing water from the interlayer spaces. The absence of dis

tinct peaks of expanding days In the unheated sample may be explained 

by the following possibilities: 

A. The clay was composed of small quantities of 

different expanding days with different d 

spacings. With heating, these clay minerals 

lost their Interlayer water, and were collapsed 

to lOA^, Therefore, the lOA^ peak was observed 

after heating because the amount of the lOA 

substance was large enough to be detected by 

the x-ray, 

B, The clay was composed of some randomly inter

stratifled vermicullte and montmorillonlte. 

The x-ray beams which passed through this 

mineral interfered with each other causing 

complete destruction. The lOA peak was 

increased since all of the expanding units 
o 

were collapsed to lOA . 

It is important to point out that an hkO peak is observed on 

the x-ray pattern at 20 degrees 20 (d • 4.45A^). This is due to the 

lack of good orientation on the glass slide. Two possible explanations 

for this are: (a) complete dispersal of the day was not obtained; some 
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aggregates were present. The clay particles in the large aggregate would 

not be oriented on the 001 planes; (b) some of the secondary clay minerals 

may have been in pockets of the partially weathered feldspar particles. 

These layer lattice clays would not be preferentially oriented on the 001 

planes so hkO lines would appear. 

It Is worthy of note that no feldspar shows up in the x-ray pat

terns of the fine clay from the weathered basalt. It is believed that 

the feldspar is weathered to form secondary minerals. The idea is advanced 

that the feldspar particles do not persist as such into such small parti

cles but chemically decompose before that aize is reached. 

Comparing the mineraloglcal composition of the clays from weathered 

basalt to those from the unconsolidated material point up the fact that 

the clays of both fractions from the xmconsolidated material represent 

a more advanced stage of weathered basalt. The conclusion is drawn from 

the following observations: 

A. The presence of a larger quantity of crystal

line substances in the fine days from the 

unconsolidated material as evidenced by the 

presence of the more pronounced peaks on the 

x-ray patterns. It is believed that some of 

the non-crystalline components of the fine 

clay in the basalt have become organized into 

particles with sufficient crystalllnity to 

reflect x-rays. 

B. The presence of a larger quantity of the 

secondary minerala in the coarse clay from 
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Figure 13. X-ray Patterns 
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unconsolidated material than the coarse 

clay from the weathered basalt. It was 

reported previously that the coarse clay 

from weathered basalt was composed mostly 

of primary minerals such as feldspar. 

It would be expected that the clay from the unconsolidated 

material represents a more advanced stage of weathering than the clay 

obtained from the weathered basalt since the unconsolidated material 

is found on the top of the weathered basalt and should, therefore, 

have been subjected to more Intense weathering. 

B. Differential Thermal Analyses 

The differential thermal patterns obtained from fine and coarse 

clays segregated from the unconsolidated material and the weathered 

basalt are shown in Figure 14 (See page 68). The pattern of the fine 

o 
clay from the unconsolidated material shows endothermic peaks at 135 C 

is due to the loss of Interlayer water by the swelling clay. The 

second endothermic peak at 550 C is caused by the loss of OH groups 

in the lattice structure. A strong peak at this point is characteristic 

for kaollnite because kaollnite contains a higher proportion of OH 

groups than the other clay minerals. The second endothermic peak of 

this clay is found at a somewhat lower temperature than is usually re

ported for kaollnite (23). This is believed to be due to the small 

particle size and poor crystalllnity of the sample. 

The differential thermal pattern of the coarse clay from the 

unconsolidated material is very similar to the fine clay except the 



66 

endothermic peak which represents the loss of interlayer water of swell

ing clays is smaller. This is caused by a lower content of expanding 

types. The peak at 550<*C is stronger than in the fine clay. This peak, 

along with the exothermic peak at 940*̂ C. is further evidence that the 

coarse clay contains greater quantities of kaollnite than does the fine 

day. 

The pattern of the fine clay from the weathered basalt shows a 

large endothermic peak at 135°C. This peak represents the loss of inter

layer water of swelling types and possibly water of amorphous materials. 

There is a strong exothermic peak at 320**C, This peak, at present, 

cannot be adequately explained. There are two possibilities for this 

peak. The first posaibility is that it may represent the oxidation of 

organic matter, which normally occurs at approximately this temperature. 

However, it seems to be very unlikely that this sample contains that 

much organic matter since the clay was extracted from the weathered 

basalt rock and treated with hydrogen peroxide (H2O2) before fraction

ation. The other, more likely, possibility Is that this exothermic peak 

represents the crystallization of hematite from amorphous ferric oxide, 

Qhelth (13) studied the DTA curves of yellow gels (Fe203.nH20) and 

found that the endothermic peak at 165^C was due to the releaae of 

absorbed water and the exothermic reaction which covered the range 

between 297®C and 415**C with a peak at the temperature of 320*̂ 0 repre

sented the net amount of heat produced when the crystallization of amor

phous ferric oxide to hematite took place. However, Taylor (41) stated 

that the exothermic reaction at 320°C was not conclusive evidence of the 

presence of amorphous Iron oxides in soil separates that had been treated 
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with hydrogen peroxide. He suggests that further tests are necessary to 

insure that the reaction is not due to the organic matter that may have 

not been completely oxidized, 

o 
The endothermic peak at 600 C indicates the loss of OH groups 

in the structure of the clays. According to the x-ray results, the fine 

clay from basalt does not have sufficient quantities of kaollnite to be 

detected; therefore, the hydroxyl groups in this case comes mostly from 

some other secondary mineral, probably from expanding species. It is 

interesting to note that this endothermic peak Is at 600°C instead of 

550^C. Since the kaollnite (or halloysite) peak for the sample dis

cussed above occurs at 550^C, the peak at 600^0 for this sample is prob

ably due to an expanding clay. The endothermic peak representing the 

loss of OH groups for the 2:1 minerals generally is reported as occurring 

at a higher temperature than for the 1:1 types (23). This is in line 

with the results of the x-ray studies of this clay fraction which has 

already been discussed. 

The differential thermal pattern of the coarse clay from the 

o 
weathered basalt shows a small endothermic peak at 140 C. It indicates 

the presence of a small amount of swelling clay. The large endothermic 

peak at 540*'C is due to the loss of OH groups in the minerals, probably 

mostly kaollnite4 The small exothermic peak at 940**C confirms the 

presence of kaoinlte. However, the x-ray diffraction patterns did not 

show any distinguishable peaks of kaollnite. This is believed to be 

due to the lack of good orientation on the glass slide in this sample. 

This problem was discussed previously. 
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A comparison of the clays from the weathered basalt to those of 

the unconsolidated material seems to be confirming evidence that the 

clays from the unconsolidated material consists mostly of secondary 

minerals and are better crystallized than the clays from the weathered 

basalt. Probably more intermediate products of silicate clay synthesis 

are found in the fine clay from the basalt, 

'• Pehydratlon Studies 

The dehydration of the fine and coarse clays from unconsolidated 

material and the coarse clay from the weathered basalt were studied using 

a therBK>balance, The dehydration cxirves of these clay fractions are 

shown in Figure 15 (See psge 72), The dehydration curve for the fine 

day frcMB the weathered basalt was not obtained because a sufficient 

quantity of material was not segregated. 

According to Nutting (32) who studied the dehydration curves of 

kaollnite and montmorlllonite, the latter lost most of its interlayer 

water and absorbed water on the lattice planes between the temperatures 

of 30-500<^C, and OH groups between 500-650**C. Kaollnite lost OH groups 

between 485-540**C. He also pointed out that the particle size affected 

the temperature at which the OH groups were lost. Eervielle and Bourellle 

(30) reported the loss of OH groups (their moisture of constitution) as 

beginning at somewhat lower temperatures. The loss for kaollnite was 

reported as beginning as low as 350^C In some samples and as low as 380**C 

in some montmorillonlte samples. There was a progressive loss of water 

from illite sample^ with the greatest losses occurring between 20 and 

X40^C and between 440 and 800^C. 
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Kelly, Jenny, and Brown (32) showed that grinding produced two 

•ignifleant changes} (1) The temperature at which the loss of OH groups 

occurred was ahifted to a lower temperature which indicated the OH groups 

oscmped more readily from the interior of small paî tlcios than from the 

large ones. (2) Grinding reduced the number of OH groups. The exposed 

OH givups then reset as adsorbed water. They explained that In the 

interior of the lattice the OH ions are surrounded by othar atoms or 

ions and tlie escape of OH is difficult. The OH ions are brought to 

the surface by grinding and are held by the particle on one side only. 

There is more freedom of movement, the extent of thermal agitation is 

greater» and they can eacape at lower temperatures. The rather low 

temperature at which the loss of OH groups occurred in the fine elay from 

the unconsolidated material is believed to be due to Its smali particle 

size. 

The dehydration reaction of the fine clay from unconsolidated 

mst«rlal shoes a steep slope between the temperatures of 30 to l̂ v'̂ 'C. 

This section of tie curve represents the loss of adsorbed moisture and 

probably some interlayer wmter of swelling clays. From 150^C the curve 

rises less steeply up to 300^0. This represents the escape of addi

tional interlayer water which is held more tenaciously* There is a 

strong possibility that the loss of water from anusrphous materials may 

be occurring at this time, also. The steep curve between 300-450^ 

may represent the loss of OH groups in the structure of the clay. The 

dehydration curve of this sample confirms the fact that the clay consists 

of expanding day, mostly montmorillonlte, as indicated by the presence 
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of Interlayer water and probably a small amount of kaollnite as shown 

by the relatively steep section of the curve between 300-400^0. 

The dehydration curve of the coarse clay from unconsolidated 

material is surprisingly similar to that of the fine clay. The differ

ence In particle size of these clays does not seem to have a significant 

effect. No explanation can be given for this phenomenon at present. 

The dehydration curve of the coarse clay from weathered basalt 

shows that the clay lost adsorbed water in the range of 30-120**C, inter

layer water between 120-400°C, and OH groups between 400-500®C. The 

results suggest the presence of some secondary minerals, probably kaollnite 

and some expanding species. The x-ray diffraction pattern showed that 

the clay consisted mostly of primary minerals, some kaollnite and expand

ing species. 

It can be seen that the loss of OH groups in this clay takes place 

at higher temperatures than the clays from the unconsolidated material. 

This is a surprising result In view of the suspected poor crystalllnity 

of the secondary silicates in this sample. No adequate explanation for 

this can be offered at present. It would seem that the particles with 

poorer crystalllnity should start losing structural OH groups at a lower 

temperature than those with greater crystalllnity. 
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VI. SraOIARY AMD CONCLUSIONS 

The day samples obtained for this study were collected from 

the ttnootts^lidated material (C^ horlson) and the weathered basalt 

Immediately underlying the unconsolidated material in a soil devel

oped on Tertimry basalt in Southeastern Colorado. The samples were 

treated with HCl and HgOg to destroy calcium carbonate and organic 

matter, respectively. The sasq>les were dispersed with o.5N NaOH and 

fractionated into two particle sises, the fine clay ( 0.2 ;u) and the 

coarse day (2.0-0.2;!). Physico-oliemical properties, i.e., cation 

exchange oapaoity and surface area were detentined. Mineraloglcal studies 

of each frsetlon were made by using x-ray diffract ion, OTA, and dehydrs-

tien ehsrscteristics. 

The results showed that the day from the unconsolidated material 

contained a higher quantity of fine material than the clay from the 

weathered basalt. 

The fine days gsve higher est ion ^cchaage capacity values than 

the coarse ones. The fine day from the unconsolidated material gave 

the highest value (137.8 »e/100 gm). The second highest cation exchange 

capaoity vmlue was obtained on the fine day from the weathered basalt 

(84.» Ms/lOO gm). The coarse elay from the vmconsolldated material had 

a higher cation exchange capacity (56.9 me/lOO gm) than the cosrse clay 

from the weathered basalt (36.7 me/lOO gm). The mineraloglcal composition 

and partiole sise seem to have been the important factors in determining 

the cation exchange capacity values. 

73 
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The surface area values of the fine clay from the unconsolidated 

materid measured by the method of Bower and Gschwend were questionable 

due to the lack of a clearly defined end point and the values were not 

in agreement for duplicated samples. The surface area values of the 

coarse day from the same sample appeared to be acceptable. However, 

the values were high compared to the results obtained by the method of 

Diamond and Kinter, Only the extemd surface area values of the fine 

and coarse clay from the weathered basalt were measured by the method of 

Bower and Gschwend. The results seem to be in line with those expected. 

The fine clay had a higher value than the coarse clay. 

The method of Diamond and Klnter seemed to give more reasonable 

surface area values. The results showed that the fine clay from the uncon

solidated material had the highest values. The coarse clay from the same 

saa^le had much lower values than that of the fine clay. The values of 

the coarse clay frcna the weathered basalt were similar to that of the 

coarse clay from the unconsolidated material. The values of the fine 

day from the weathered basalt was not obtained because of an insuffi

cient quantity of the sample. The amount of surface area is believed 

to be detennined by two factors: (1) mineraloglcal composition, and 

(2) particle sise. 

The x-ray diffraction studies showed that the fine clay from the 

tinconsolidated material was composed mostly of expanding lattice clay 

minerals, probably mainly montmorlllonite, interstratifled types which 

could have been illlte-vermiculite, lllite-montmorlllonlte, or the com

bination of illite, vermicullte and montmorlllonite, and some kaollnite. 
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The coarse clay from the unconsolidated material consisted of feldspar, 

quarts, and secondary minerals. The secondary minerals weie kaollnite, 

illite, probably some interstratifled lllite-vermiculxte, iliite-

montmorillonite, or the combination of the three, and less montmorii-

lonite. 

The mineraloglcal composition of the fine clay from the weathered 

basalt was mostly swelling clay and some amorphous materials. The 

coarse clay from the weathered basalt was composed mostly of primary 

minerals, feldspar, and some secondary minerals wtich probably were 

mostly poorly crystallissed kaollnite and lesser amounts of swelling 

clay. 

The OTA studies appeared to support the x-ray studies in most 

cases. An exception is the pronounced peak at 320°C of the fiac clay 

from the weathered basalt cannot be explained satisfactorily. It cannot 

be determined at the present whether this peak represented the uxielation 

of organic matter, the crystalllaiation of hematite from amorphous iron 

oxides, or some unknown reaction. 

The long endothermic peak at 550°C of the coarse clay from the 

weathered basalt Indicates the presence of a large aiaount of kaollnite. 

This is surprising in view of the fact that the x-ray study shows that 

the clay was composed mostly of primary minerals. The question arises 

as to the possibility of kaollnite being the first secondary mineral 

of weathering from the basalt. Such would seem to be indicated by this 

result. However, it has been pointed out already that the fine clay 

usually considered the first product of crystallization, is composed 

mostly of a swelling type. Possibly both are being formed concurrently, 

but there is no complete satisfactory explanation which can be given. 
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The dehydration studies of the fine clay and the coarse clay 

from the unconsolidated material were surprisingly similar. No signi

ficant difference was observed. The dehydration curve of the coarse 

clay from the weathered basalt was somewhat different from that of the 

clays from the unconsolidated material. The loss of structural OH groups 

took place at higher teiiq»eratures. The dehydration curve of the fine 

clay from the weathered basalt was not obtained since enough clay was 

not segregated. 

From these studies the conclusions can be drawn as follows: 

A, Cation exchange capacity Is determined by (1) min

eraloglcal composition, (2) particle size. 

B, Surface area is determined by the same factors, 

mineraloglcal composition and particle size of 

the days, 

C, The x-ray study Indicated the fine clay from the 

unconsolidated material was composed mostly of 

secondary minerals, and the coarse clay from the 

same sample included both primary minerals and 

secondary minerals. The mineraloglcal composition 

of the fine clay from the weathered basalt was 

mostly amorphous materials and some secondary 

minerals. The coarse clay from the weathered 

basalt was composed mainly of primary minerals 

and a small amount of secondary minerals, 

D, The temperatures at which the structural OH groups 

are lost obtained in the OTA and the dehydration 
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studies were lower than usually reported. It 

is believed this was caused by (1) the particle 

size, and (2) the poor crystalllnity of the 

clay minerals. The minerals having poor crystal

llnity lose their structural OH groups at lower 

temperatures, 

S, The clays fractionated from the unconsolidated 

material seem to represent a more advanced stage 

of weathering than the clay from the weathered 

basalt. This conclusion is drawn from two facts: 

(1) the presence of a large quantity of fine 

day in the unconsolidate material, and (2) the 

presence of more secondery minerals and less 

primary minerals In the clays from the unconsolidated 

material, 

F, The fine fractions of each clay are believed to 

represent a more advanced stage of weathering 

than the coarse fraction because the fine clays 

are composed mostly of secondary silicate minerals 

which were produced mainly by the weathering of 

the primary minerals. 

0, The weathering sequence of the basalt is suggested 

as follows: 
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weathering recrystal-
Ollvlne ^ Amorphous ^Montmorillonlte 

basalt material Vermicullte 
11sation 

desilication K addition 

desilication 

Kaollnite <- Illite 

There is a possibility that the kaollnite and halloysite may 

form directly from amorphous material. 
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