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Growth and Nutrition of Plants as Affected by 

Degree of Base Satuation of Different Types 

of Clay Minerals1 

By TSU SIANG CHU and L. M. TURK2 

Exchangeable bases held on the surface of soil colloids have been 
considered by many soil scientists and agronomists to be available 
to plants. Recent workers , however, have indicated that not all 
exchangeable bases held on the soil colloidal surface are equally 
available for plant absorption. Among the factors which affect the 
availability of exchangeable bases to plants, the nature of colloids , 
degree of base saturation, and nature of complementary ions are 
important. 

In a study of son1e chemical properties of orchard soils in relation 
to satisfactory and unsatisfactory growth of peach trees, the senior 
author (8) found that two groups of soils supporting trees of different 
growth vigor, although containing about the san1e an10unt of total 
exchangeable bases, varied greatly in the degree of base saturation 
owing to the difference in their base exchange capacity. Soils sup­
porting good growth of peach trees had a luuch higher degree of 
saturation of total as well as of individual exchangeable bases than 
those Suppol~ting poor growth of peach trees. Although the finding 
is not considered as a conclusive one in the case of peach trees , it 
is believed that there exists a relationship between the degree of base 
saturation of soils and plant growth. 

The objectives of this investigation were to attain a better under­
standing of the significance of the degree of base saturation and th e 
nature of complementary ions in relation to the growth and con1-
position of certain crops , and to evaluate the effect of the nature of 
clay minerals on the availability of exchangeable cations. 

'Thesis submitted b y the senior write r to thc Graduate Sc hool of Michigan State College in partial 
fulfillm ent of the r equi re ments for th e d egree of Dodor of P hil osophy. 

"Professor of Soil Sc ien ce, Nationa l Chekiang Un ivers ity, China ; and Professor of Soil Sc ien ct' , 
Mi chigan Sta te C o llege, r es pective ly. The writers w ish to express th e ir since re a pprec iat ioH to Dr. H . 
L . Cook faT takin g most of th e photographs used in this b ull e tin and to Dr. N. S. Hall for construc ti v( ' 
a dvice and en couragem C'nt during the ea rly stages of the resea rC'h . 
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REVIEW OF LITERATURE 

Probably one of the first investigators to study the effect of the 
degree of base saturation on plant growth was Stohn1ann (36). Using 
organic colloid, he found in 1864 that the yield of J11atured corn 
plants increased with the degree of base saturation. Since then, 
little knowledge has been accumulated regarding the effect of degree 
of base saturation of soils on the plant growth until recently when 
soil workers have taken a renewed interest in this problem. 

During the past decade, many papers stressing the importance 
of degree of base saturation in relation to plant growth have been 
reported. Thus, Gedroiz (11) and several other investigators working 
with soils and plant systems found that the exchangeable calcium is 
available for plant growth only as its degree of saturation is relatively 
high. Jenny and Cowan (19) found that the growth of soybean plants 
in Ca-H-clay suspensions was sharply reduced when the degree of 
calcium saturation fell below 30 per cent of the total exchange ca­
pacity. Also working with soybeans , Horner (16) found that with a con­
stant total an10lwt of calcilull, the growth of the plants, as n1easured 
by both height and weight, increased markedly when the degree of 
calciun1 saturation increased fr01n 40 to 60 percent. Albrecht (1), 
in discussing degree of calciun1 saturation of clay and nitrogen fix­
ation, concluded that calcium fr01n the san1e original total supply 
was delivered into the plants to a n1uch larger extent when it was 
on a nearly saturated clay than on one only partly saturated. Similar 
conclusions drawn from the results of soybean experilllents also have 
been reached recently by Mehlich and Colwell (26) and Mehlich and 
Reed (27). 

According to the recent report of Bower and Turk (6), naturally 
occurring alkali soils high in exchangeable sodiun1 n1ay not furnish 
an adequate supply of calciun1 to plants despite the presence of 
CaCOR. This is in harn10ny with the finding of Gedroiz (11) that 
soils saturated with an11TionilU11, sodium or potassium failed to support 
plant growth even when CaC03 was added to the cultures. 

It has been suggested by some investigators that th e kind of com­
plementary ions present on the colloidal surfaces n1ay affect the avail­
ability of the other exchangeable ions. Using purely chen1ical lneth­
ods, Seatz and Winters (34) were able to prove that much more 
potassitlln was released from the exchangeable complex when the con1-
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plementary ion was don1inantly calcium than when it was dominantly 
hydrogen. Previous work done by Peech (31) has also substantiated 
this theory by chemical analysis. 

The effect of the nature of c0111plen1entary ion on the nutrient 
absorption by plants also was den10nstrated by the experiments of 
Jenny and Ayres (18), using excised barley roots. Their results are 
in general agreel11ent with those n1entioned above. However, results 
conflicting with thel11 have also been reported by many workers. Ac­
cording to Albrecht and Schroeder (2), the degree of H-ion saturation 
is in general a helpful factor in mobilizing calcium, magnesilun and 
other cations into plants , although it does not affect the availability 
of potassium. 

Contradictory results regarding the degree of base saturation in 
relation to cation availability to plants n1ay be attributed partly to the 
difference in the nature of clay minerals. Elgabaly, et al. (10) found 
that the uptake of Zn and K by barley roots was affected by the type 
of clay mineral. 

Studies by Mehlich and Colwell (26) and by Allaway (4) showed 
that calciun1 uptake by plants was greater fr0111 soils or colloids rep­
resenting the 2:1 lattice type. Recently, working with peanuts , Meh­
lich and Reed (28) found that for any given level of calciulll , th e 
calciun1 content of the peanut shells was highest when the plants 
were grown in the kaolinitic-type colloid; but, on the other hand, the 
highest content of calcium in the plants was found in those growing 
in the organic-type colloid. 

EXPERIMENTAL 

MA TEHIALS USED 

In the present investigation, a Wyon1ing bentonite fr0111 the An1er­
ican Colloidal C0111pany, known as "volclay", was used as a source 
of 111ontmorillonitic clay and a commercial kaolin, as a source of kaol­
initic clay. The "volclay", as described by the producers, is 90 per 
cent montI11orillonite and in its natural state is pred0111inately saturated 
with sodium. The exchange capacity per 100 grams of electrodialyzed 
bentonite, as determined by the usual an1111oniU111 acetate leaching 
method, was 86 m.e., and of electrodialyzed kaolin, 3.8 n1.e. 

Besides the two exchange materials mentioned above, a soil having 
a relatively low degree of base saturation also was sampled fron1 a 
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peach orchard near Benton Harbor, Michigan. The soil is classified 
as a Fox sandy loam. It has an exchange capacity of 9.8 m.e. per 100 
grams , and is about 25 percent saturated with bases. Differential 
thernlal curves of the colloidal fraction of the soil indicate the pre­
dominance of the clay mineral illite. 3 

Pure quartz sand was mixed with the bentonite and kaolin in the 
greenhouse experiments. Rapid chemical tests on a dilute HNO:~ 

extract of the sand showed the absence of major cations and anions. 

PREPARATION OF COLLOIDAL CLAYS 

Much time was required to prepare the mineral colloids with the 
desired cation ratios. In the present study, the colloids were first 
electrodialzyed, then the respective cations were introduced as salts 
in the desired ratios. The electrodialyzing cell used was composed 
of three wooden chambers of the Bradfield type (7) arranged in a 
parallel manner. It had a maximlun capacity of about 8,500 milliliters 
in the central compartment and 2,500 Inilliliters in each of the side 
compartments. Porous porcelain plates about 50 millimeters or 0.25 
inch thick were used as membranes. A perforated gold sheet having 
an area of 6 x 2.75 inches served as the anode and an ordinary copper 
wire screen having an area of 9.5 x 6.5 inches served as the cathode. 
The electrodes were placed 20-22 centimeters apart. An adjustable 
high-resistance rheostat and an ordinary ammeter were connected in 
series with the cell with 220 volts, d.c., as the source of current. At 
times tluee such cells were connected in parallel and run simultane­
ously. By frequent renewal of the electrodialysates and stirring of 
the colloidal suspension, the process of electrodialyzing a 3 percent sus­
pension of bentonite could be conlpleted in about 80 to 98 hours. In 
case of kaolin, an 8-10 percent suspension was used for electrodialysis, 
and the process was cOlnpleted in a much shorter time than for the 
bentonite. 

The cOlnpletion of the renl0val of bases was indicated by rather 
constant but very low current density (amperage per unit area of the 
electrode) and was confirmed by the phenolphthalein test on the 
cathode electrodialysate and pH Ineasurelnent of the suspension. The 
unsaturated bentonite and kaolin suspension thus obtained had pH 
values of about 3.2 and 4.5 respectively. 

"The writers arc indebted to Dr. Ralph E. Grim, G eologist, Illinois State G eological Survey Divis ion, 
for ide ntifyin g the clay mine ra l. 
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After the electrodialysis had been completed, the flocculated sus­
pension was removed frOlll the cell and dried on a hot plate. The 
dried bentonite was ground in a steel mill to pass through a IOO-mesh 
sieve. The pulverization of dried kaolin was affected by a wooden 
pestle in an open tray. 

Since the natural content of exchangeable bases in Fox sandy loam 
was low, no pretreatment for their reilloval was attempted. 

PLAN OF GREENHOUSE EXPERIMENTS 

Greenhouse experiments were conducted involving the growing 
of several different crops in four different cultural media, i.e. bentonite­
sand mixture, kaolin-sand mixture, Fox sandy loan1 and pure quartz 
sand. The purpose of using pure quartz sand as a culture mediun1 
was merely to afford comparisons with treatn1ents made on bentonite 
and kaolin llledia so that a better interpretation of the results n1ight 
be obtained. 

On each of the four cultural media, two series of experin1ents were 
carried out for different purposes. In the first series of experin1ents , 
plants were grown in the cultural llledia having different degrees of 
base saturation but with fixed ratios between the major exchangeable 
bases, i.e. calcilull, magnesium and potassiun1. The principal pur­
pose of this experiment was to study the effect of degree of base 
saturation on the growth and nutrition of plants. In the second series 
of experilllents, the base exchange capacity of the cultural media was 
held constant while the ratio between the major exchangeable bases 
varied within a certain range. The experiments were thus designed 
to supply information as to the lllutual effect of the complen1entary 
ions on the growth and nutrition of plants. 

Both series of experin1ents were laid out in the san1e general pat­
tern. Glazed earthenware jars were eillployed throughout the investi­
gation. With the exception of the experin1ents on peach seedlings 
in Fox sandy loam, which were replicated four times, all greenhouse 
experiments were run in triplicate. Equal rates of fertilizer applica­
tions, involving diammonium acid phosphate and ammoniun1 nitrate , 
were n1ade to all of the jars unless otherwise n1entioned. Solutions 
of ZnSO" , FeSO.}, H 3B03 and NlnCl2 were also added to each of the 
cultural jars to give concentrations of 2, 4, 3 and 8 p.p.lll. of Zn, Fe, 
Band Mn respectively in the final clay-sand mixtures. All chemicals 
used were of c.p. grade. 
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I. BENTONITE-SAND MIXTURES 

Fron1 the known exchange capacity of the electrodialyzed benton­
ite, calculations first were made as to the amount of bentonite required 
to give 4000 gran1 lnixtures of bentonite and sand the desired base 
exchange capacity. For the first series of experin1ents , the treatments 
involved four levels of base exchange capacity, i.e. 2, 4, 6 and 8 n1.e. 
per 100 grams of the Inixture, and each in con1bination with four 
degrees of total base saturation, i.e . 20, 40, 60 and 80 percent. For 
the second series of experilnents , the difference an10ng treahnents was 
n1ade only for the ratio between calcimn, magnesiun1 and potassium, 
while the base exchange capacity was constant at 2 m.e. per 100 
gran1s for all of the treatn1ents. A sun1mary of the treatments fo r 
both series is given in Table 1. 

TABLE l - Stlmmary of the treatments of the greenhotlse experiments on bentonitc­
sand mixttl1'es 

T r eatm e nts Mean pH 

Series Crop s 
E xch a nge B ase saturation . per cent grow n 
cap aciLy. ------ --- - - - Start End 

m .e./100 g m . Ca Mg K T otal 
-------------

I .... . .. .. Oo 2 15 3 2 20 4 . 5 4. 6 
2 30 6 4 40 4 . 0 4 . 8 Oats: 
2 45 9 6 60 5. 0 5 . 9 June 27 
2 60 12 8 80 5.3 6 . 1 to 

A u g . 8, 
It 15 3 2 20 4 . 5 4.6 1947 
4 ;30 6 4 40 4. G 4 . 8 
4 45 !) 6 60 4.9 5 . 7 
4 60 12 8 80 5 . 1 5 . 9 R ye: 

!:lep t.. 20 
6 15 3 2 20 4.4 4 . 5 to 
6 3 0 6 .1- 40 4 . 5 4 . 7 N o v. 31, 
6 45 9 6 60 4 . 8 5 . 4 1947 
6 60 12 8 80 5.0 6 . 2 

8 15 3 2 20 4.4 4 . 4 
8 3 0 6 4 40 4.5 4 . 6 
8 4.'l 9 6 60 4.7 5.5 

------------------ - ---

II . . ......... 2 3 0 15 15 60 4 . 3 -L -! 
2 35 15 15 6.') 4. 4 4.8 

*2 40 15 15 70 4.6 5 . 2 
2 45 15 15 75 4.7 5.4 
2 50 15 15 80 5 . 0 5.8 

2 40 5 15 60 4.8 5 . 1 R ye: 
2 40 10 15 65 .'l. 0 5.2 !:lep t . 20 

*2 40 15 15 70 4. 6 5 . 2 to 
2 40 20 15 75 4 . 8 5.4 N o v . 3 1 . 
2 40 25 15 80 4. 6 5.4 1947 

2 40 15 5 60 4. 7 .5. 0 
2 40 15 10 65 4 . 7 5 . 2 

*2 40 15 15 70 4. 6 5.2 
2 40 15 20 75 4 . 6 5.4 
2 40 15 25 80 4. 7 5.6 

*I dentical t,r eatm e n ts. actually represen ted b y t h e same jars i n t h e expe rime nt,. 
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In setting up the greenhouse experin1en ts , the desired amounts of 
colloids were first placed in one-gallon jars , and solutions of calcium 
acetate, lTIagnesium nitrate and potassiun1 sulfate added in an10unts 
to supply 20, 40, 60 and 80 percent of total base saturation with a 
Ca:Mg:K ratio of 75:15:10. Th e colloids were maintained as thi ck 
suspensions for a period of about 3 weeks with occasional mixin g. 
After that, while still n1oist, they were thoroughly mixed with quartz 
sand to give desired levels of exchange capacity. 

Two crops, Eaton oats and Hosen rye, were grown in succession in 
the experilnent. A n10isture content of around 12 percent was main­
tain ed for the growth of oats , and about 8 percent (started w ith .5 
percent) for that of rye. 

II . KAOLIN-SAND :NhXTUHES 

Owing to its very low exchange capacity a considerable amount 
of kaolin had to be used in order to afford kaolin-sand nlixtllres with 
base exchange capacities comparable to those of bentonite-sand mix­
tures . The n1ixtllres , being high in kaolin , were low in apparent 
specific gravity. As a result, each I-gallon jar cou ld hold onl y 3500 
grams of the n1ixture. 

In precisely the sanle way as described for preparin g bentonite­
sand mixtures, kaolin and pure quartz sand were mixed and treated 
to give two series of experiments. In the first series, the treatm ents 
involved two levels of exchange capacity, i.e ., 1 and 2 111.e. per 100 
gran1s of mixture, each with four degrees of total base saturation, i.e. , 
20, 40, 60 and 80 percent, while the ratio of Ca:~1g:K was constant at 
75: 15: 10. In the second series , the exchan ge capacity was fixed at 
1 n1.e. per 100 granls for all the trea tn1ents, while the Ca:~1g:K 
ratio was varied as in th e bentonite-sand mixtures . The fertilizer 
applications were the same as those for the bentonite-sand mixtures. 

Hosen rye was the first crop grown in the media. During its growth 
period, the moisture content of th e media was maintained at about 
12 pf' rcent for those having an ('xchange capacity of 1 111.e. per 100 
grallls , anel 16 pe rcent for those having LUI ('.\challgt' capacily or 2. 111.(' . 

per 100 grams. 
After the rye was harvested, th e contents of each jar was added 

to an equal amollnt of pure qll artz sand and potted into 2 -gallon pars 
in the following manner. Two thousand grams of sand was first 
spread on th e hottmn of th e 2-gallon jar to facilitate drainage and 
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aeration ; then 7000 gran1s of the kaolin-sand mixture was introduced; 
and finally a I-inch layer of about 800 grams of sand was spread 
over th e surface . The purpose of further diluting the mixture with 
sand and the mann er of potting the Inixture by layers was to in1prove 
t he physical properties of the n1ixture and to prevent the formation 
of a surface crust. 

T he smne fertilizer applications as were ll1ade originally were n1ade 
to insure sufficient quantities of nitrogen, phosphorus , and minor ele­
nlCnts . .M.oisture contents of the new ll1ixtures were n1aintained at 
10 percent for the low exchange capacity series, and at 12 percent 
for the high series. Oats were grown for a period of 70 days. Table 
2 gives the sun1mary of the actual plan of the greenhouse experin1ents 
for thc kaolin-sand mixtures. 

III. Fox SANDY LOA~/I 

No sand was added to the Fox sandy 10an1. The soil had a base 
exchan ge capacity of 9.8 m .e. per 100 gran1s, and was about 2.5 per­
cent satu rated with bases . The :first series of experin1ents was run 

T ABL E 2- ummary of the treatm ents of the greenhollse experim ents on kaolin­
sand mixtures 

l~xL:ha, llge 
capad(,y . 

n1.(' ./ lOO g rn . Ca 

TreatmclILs 

Base satu rat i o n , p ercent 

.Mg J( T oLal 

J\![ean pH 

Start End 

C rop,; 
gro,vll 

_________ ------------------ ----·1----

I . . .... . .. . .. 1.') :1 2 20 S . l S . 4 Hye : 
;)0 (j 4 40 5 .8 6.1 SepL. 20 -
4r) fl G 60 6 . f5 6 .6 N ov . 31 , 
GO 12 8 SO G. S 6 . 9 1947 

2 1.'i ;~ 2 20 5.2 f5.4 O;tts : 
2 ;W G 4 40 ;) . 9 (j. ;1 D ec. 19, 
2 4.'i !) 0 60 0 . 7 6 . 9 1947-
:2 GO 12 X 80 G. 9 7 . 2 Feh . 26 , 

1948 

[I ... .. ... . . .. 1 ;W I;' l;) GO G. 2 o .·L 
I ;{r) I r) 15 G.'i G.:1 G . .'i 

* 1 40 l .'i Ir) 70 G . .') G. G 
I -I ;' I .') l.'i 7.'i G.() fi.7 
1 f) 0 I;") I .') SO G. 7 G. 7 

I ·w ;) 1f5 60 G.:1 n . 5 Rye : 
I 40 10 1.'i 0.') G. 3 G. 5 SepL . 20-

* 1 "10 ].') 1;") 70 G.S G. O Nov . 3l. 
1 40 20 1;' 7!J 6 . 5 G . .') 1947 
I 40 25 1.'i i-lO (i. G G. G 

l 40 If5 1) 60 6.4 6.f5 
I 40 15 10 65 G. 2 6 .4 

* 1 -w J f) If) 70 G. 5 6 . 6 
1 W 1 r. 20 75 () . ;~ fi . 4 
I '10 I ;) 2;) XO G . .'i {i.3 

* l clcIlLi ('al trcatmc n ts , cLcLu:dly ro l)['csonted by Lile SeLmo j <Ll'S in Llw c x p erimcn t . 
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TABLE 3 - SUII117Ulflj of the treatm en 
loam 

Tr('at 1l1C'lIls 

----- --- ------
l1; xchall ge nasc sa turati 
c<L paeity , --------

m .e./ IOO gill. Ca l\fg 

I . 9 . 8 l X.7 :1 . \l 

*9. 8 ;{7 .5 7 . ;) 

98 f'lG . 2.'i J I . 2:; 

D. S 7[) I ;) 

n .s 11 2 . .'i 22 . .'i 

I I. *!J . b ;{7 . .') 7 . :) 

fl . S ·10 5 

!l . X ;{5 f5 

n .8 :1 0 10 

9 . S ;W .'i 

*Tn1a lm e lll s act uall y reprcsenlf'd by tll' 
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with five levels of total hase saturation , i.e. , 2.5, S0, 75, IO() an d l.SO 
percent, each having the sallle Ca:~lg:K ratio of 7S: IS: 10. TIH' 
second series of experiments consisted of five treatmC'llts witll \'aryillg 
ratios between Ca:Mg:K but with a constant degree of hase satllra-· 
bon of 50 percent. One of the treatments was actually a part of th e 
first series as is noted in Table 3, which gives th e summ ari zed phm 
of the treatnlents . 

Both series first \vere carried out in 4-gallon glazed earth enware 
jars , each filled with 20 kilograms of th e soH. Three young peach 
seedlings were transplanted into each jar, only on e bein g retained 
after three weeks. A moisture content of about IS percent was 111ain­
tain ed during th e experiment. At the end of 166 days , th e total length 
of the lllain shoots of peach seedlings was detcrmin ed. 

After th e rem.ova] of peach seedlings , th e soil in each jar was 
allowed to dry and was renlixed . Without additional fertilizer treat­
ment, 9500-grmn portions of th e soil from each jar were weighed 
into 2-gallon pots. Thus a total of eight 2-gallon pots could have 
been obtained £rOln each quadruplicate of the same treatm ent in 4-
gallon jars, but only six of them were actually used for furth er experi­
mental purposes. Each group of six, 2-gallon pots , ]lavin g th e same 
treatment, were divided equally into two gronps. One grollp was 

TABLE 3- SUJI1nWTlj of the treatm ents of the greenhouse experi17w nts on Fox sOlldU 
loam 

Trnat ITIOlit s ]\Iea ll pll 

~(' rjps ----- --- -----_._------- -------
l£ x <.: i1 a n go Base sa turation . l)('r(,Pll t 
c<LpaC'ity , ------------- ~ta r l Elld 

rn .0./ 100 1'111. Ca 1\1"1' 1\ Tota l 
- ---------------------

I . !l .R I S.7 :i . !l 1 .n 2-b. fi 0 . 0 O. l 

*9 .R :~7 . fi 7 . :) ;) .')0 (J 2 (J . O 

!l .R !)o . 2!l J I . 2fi 7 . G 7.') !i .··1 G.3 

H.8 7:, 1 .') 10 100 G . fi G . .'> 

!l . S I 12 . :) 22 . .') I ,; l .')O H . 7 (i . .') 

II . *H .8 :~7 . .') 7 ':i ;) fi() (J .'2 G. O 

0 . 8 -1-0 5 ;) fiO 62 (1 . 0 

!l . S :{.') !) 10 :)0 () . : ~ G.2 

!l .R :)0 ]0 10 !)O (L 2 G . 2 

9 . S :~O 5 Lfi ;)0 G. I G. I 

* Trt'atm.ullt s actually n~ prnsuJlI('cl hy t li u sa. nH' jar s. 

C r o ps .!.!;row II 

I II -1--l'a I . jars: 
Pea(' h sl'('(lIill ~S , 
'.far. !)- Au ~ . ~ I . 
1\)-17 

I n 2-I"l l . jars : 
~oyht'an s , 
AuI' . '2S-()('( . ~ : L 
I !l-17 

P r oso ( '. I i I II-1 ) . 
Oct . 20- :\ O\" . 27 , 
1\)-17 

O a l s. 1) ('( ' . 1 D. 
I \J -17-(.'(' 1> . 2n , 
19 -I S 

TOlll atoos. 
All g. '27 , IH·17-
.J all . '2!) , l ~ J · I ." 
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used for growing soybeans, proso and oats in sLlccession and the 
other for growing tomatoes . Soybeans and proso (millet) were grown 
in the period frOln Aug. 28 to Oct. 23, 1947 and from Oct. 23 to Nov. 
27, 1947, respectively, with no artificial illunlination in the greenhouse. 
Being short-clay plants, all appeared dwarfed in vegetative growth and 
matured earlier than usual. Because of the limiting nature of the photo­
period to the growth of soybeans and proso, the results were not valid 
for direct interpretation. No measurement of their growth rate, there­
fore, was attempted during the experinlent. 

ANALYTICAL METHODS 

Harvested plant n1aterials including oats, rye, and leaves of ton1ato 
were air-dried and ground in a small Wiley Mill to pass through a 
20-lnesh sieve. One-gram portions of the 0 en-dried tissue were then 
wet-ashed at a lnoderate heat with a luixtllre composed of 4 nlilliliters 
of 70 percent HCIO~, 15 milliliters of concentrated HNO;; and 4 milli­
liters of concentrated l-LSO.l(33). The extract finally was diluted with 
water to 25 milliliters. Aliquots of this extract were taken for the 
analysis of calciun1, nlagnesillln and potassiun1. 

The detennination of calcilln1 was n1ade volumetrically on the 
5-n1illiliter aliquot as oxalate, following the procedure of standard 
A. O.A.C. Inicro-n1ethod (5). Magnesillln was determined photo­
colorin1etrically, using a 520-millinleter filter and 0.2 mHliliter aliquots 
by the thiazol yellow nlethod (29), which was essentially the same 
as the ordinary titan-yellow nlethod (32). Potassillnl was determined 
on l-lnilliliter aliqllots by the cobaltinitrite nlethod using Peech's 
technique (30). 

All pH measurenlents of soil and clay-sand lnixtures were nlade po­
tentiometrically with a Macbeth alternating current pH-nleter using 
glass electrodes with a oil:water ratio of about 1 to 2. 

RES LTS 

ACTUAL BASE STATUS OF THE TREATED COLLOIDS 

In the previous sections, reference was made to the possibility 
that with the present nlethod of preparing colloids, the exchange re­
actions between the exchangeable hydrogen ion of the electrodialyzed 
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clays and cations of tlle introduced electrolytes was likely to be in­
conlplete. In order to evaluate the actual status of the bases in the 
exchange nlaterials , a series of laboratory experinlents was carred out. 

To lO-graIn portions of H-bentonite in suspension, different amounts 
of the solutions of calciunl acetate, nlagnesium nitrate and potassium 
sulfate were added according to the calculated ratios. The systenls 
were then allowed to stand in the laboratory, with occasional shaking, 
for a period of at least 2 weeks. Analyses of calciunl, l1lagnesiul1l and 
potassium were Inade on the filtrate. Fronl them, the actual percent­
ages of base saturation were calculated. Sinlilar experiInents , using 
50-gral1l portions of lTIaterials , were also carried out with electrodi­
alyzed kaolin and natural Fox sandy loam. 

The results of these experilnents indicate that sonle of the bases 
added to the colloids were not held on the colloidal surface. The por­
tion of the bases that existed in the free form varied with the nature 
of colloid, the electrolyte, and the 'ymmetry concentration of the 
electrolyte added. The higher efficiency of replacement for H-ions 
was observed in the lower sylnnletry concentration of electrolytes. It 
is not the purpose of this paper to involve a discussion of exchange 
reactions except to nlention the fact that the results obtained are in 
general agreelnent with many others (12). 

Figures 1, 2 and 3 show exchange isothenTIs of calciunl, nlagnesium, 
and potassiunl with different types of soil colloids respectively. As 
no similar laboratory experiment was conducted for the treatments 
involved in the second experiment using the bentonite-sand mixture, 
the kaolin-sand mixture, or the Fox sandy loanl, the actual base status 
of those treatments was not known precisely. 

Inasnluch as the results of the present investigation, like many 
others along the same line, are likely to be qualitative in nature, the 
degrees of base saturation referred to hereafter in the tabulation of the 
results of greenhouse experiments will be the theoretical values indi­
cated explicitly by the treatnlent according to calculation, rather than 
the actual values indicated iInplicitly by the treatnlent according to 
chemical analysis. 

EFFECT OF THEA TMENT ON SOIL HEACTIONS 

The results of the pH determinations nlade on the cultural media 
at the start and at the end of the experiment are presented in Tables 
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1, 2 and ,'3. The pH value's of helltoll ite-sand mixtures \'ere low, as 
can be seen frOln Tahle 1. E,'Cll w ith a total hase saturation of 80 
percent, th e valucs were still around S.O at the start of th e cxperilnent. 
T he results thus indicate a rather high huffer capacity of hentonite 
at low pH levels which is in general agreem ent with ~lehlich's find­
ings (24, 25). 

There we re general increases in th e pH values of th c henton ite­
sand cultures after crops lwel h een grovvn on them alt])ol1gh the in­
creases were sli ght W]1Cre degrees of hase saturation were Jow. On 
the other hanel, noticeable pH increases 'were observed where the de-
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grees of base saturation were higb . No effort was 111ade to explore the 
reasons for these increases . However, it is suspected that, aside fro111 
the possible un eqnal absorption of NI-L-N and NO:l-N by plants , the 
decOlnposition of acetic acid , which is formed as a resnlt of base 
exchange reactions between calcimn acetate and add conoid, might 
be on e of the principal reasons. 
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Fig. 2. TIle exchonge isotlzerl1l s of mogll esiu m, in d ifferent types of 
soil colloids. 
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Fig. 3. The exchange isotherms of potassium in different types of 
soil colloids. 

EFFECT OF DEGREE OF BASE SATUHATIOI ON CHOP YIELDS 

1. BENTONITE -SAND MIXTURES 

The general growth of oats and rye as related to the total quantity 
of bases present in th e bentonite-sand mixture is shown by the data 
in Table 4. These results show that as the supply of exchangeable 
bases was increased , with a constant base exchange capacity, the 
yields of the crop increased . The increased yields for the increasing 
percentages of base saturatiou arrange themselves in a nearly straight 
linc relation , as can bc noted frOlll the actual photographs of the 
growth conditions of the plants (Figs. 4, 5, and 6). 
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no . . . . . . . . . . . . . 1 .85 3 . 39 
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TABLE 4-Effect of different 7evels of excl/{/ngcalJ7c 7Joses on !fields of oats and 1'!fC 
p7ants in he l1tonite-s([nd mixtures 

I-lase sat u rat,ioll , 
per'ce ll e 

20 ..... 
40 . . ... .... . . . . . . 
flO ..... 
80 ... . . .. 

l~x( ' h a l1 ge ('a,pa,eit .v , m .e.; I 00 gm . 

_____ 2 ________ ,_l ___ I ____ .O _______ -[ __ ~ __ -

Yield.ill gm. * 
Oats ny c Oats Oa ts Ryo OaLs Ryc 

. .')3 1. 5S • F) :) 1 . 9:{ .!) .') 1. 86 . .')4 L. 83 
1 . ] 3 2.4:3 .SO 2 . 80 .85 2 AS . 77 2.40 
1.85 3 . :39 1.09 3 .S0 1.04 3.12 1 .07 3 . 0 3 
2 . . 59 4 . 24 L. 3 0 5.70 L.18 3.58 

*Va]ues represe ll t aver age dry wcights of Lhe above-g roulld portions from three replicate pot 
cul t ures . 

The four levels of degree of base saturation, which represent a var­
iation in both the supply of exchangeable bases and the hydrogen-ion 
concentration-the two variables which are reciprocally related-show 
that the growth of both oats and rye in1proved with a decreasing 
hydrogen-ion concentration and an increasing base saturation. Which 
of these two variables is the n10re significant factor is not evident in 
the yield data presented. However, the fact that both oats and rye 
are acid-tolerant crops is well known. According to Weir (39), oats 

Z m.e. 

40X 
2 m.e, 

60% 
Z m.e. 

80% 

Fig. 4. Growth of 17 -day-old oats as related to degree of base saturation of 
the b entonite-sand m.ixtu'I'e with a base exchange capacity of 2 m .e. per 100 grams 
of the m,ixtul'e. (Increasillg saturation fro'111, le ft to right.) 
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Fig. 5. Crou.;th of rue at i1l e Clld of 2 mOllth" as relot-eeZ to degree of base 
saturatioll of tlte bentollitc-sand mixtllre tcitll exc/wlIge cajJacitu of 2 'I1I .e. (left four 
jars) ({lid 4 m .e. (right fo ur j(/rs) /wr 700 {.!,I"(/III S. 

Fig. 6. Crowlll of rue at til e end of 2 J1Iontits os related to degree of base 
saturation of the bentollite-s(ll1eZl71ixture u;ith exchange co/wcNu of 6 111. (-,. (left fO/lr 
iaTs) aneZ 8 m. e. (right three jars) per lOO grams. 

and rye may grow normally in strongly acid soil 'vvith pH 4.8. 'The 
compilabon of soil rcacboll preferences of plants by Spurway (35) 
shows oats and rye wHl tolerate a pH 4.5 without possibility of serious 
Injury. Analyses of plant materials , as will he presented in later 
sections , also give indicabons that the total an10llnt of available bases 
is a morc important factor in affecting the difference in growth than a 
variabon in hydrogen-ion concentration . 

The data in 'rablc 4 also show that at 20 percent of base satu­
rabon , oats and rye yields were approxin1ately the same, regardless of 
the exchange capacity of the media. A sin1j]ar sitllabon is observed 
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at 40 and 60 percent hase saturation levels , except in tlw yields of oats 
from th e 2 m. e. hase exchan ge capacity jars , wllich were higher th an 
th e rest at correspondin g hase saturationlcvels. Photographs showing 
these facts are presented in Figs. 7 and 8. 

' '''ith th e design of this experiment , it is possihl e to lnake a furth er 
comparison between treatments. Out of th e 15 different treatments 
listed in Table 4, th ere werc actuall y eight different levels of total 
bases contain ed in th e cultllral media, viz., 0.4, 0.8, 1.2, 1.6, 2.4, 3.2, 
·3.6 and 4.8 m .e. bases pcr 100 granls of medium. Except for the levels 

6m.e. 

20% 

F ig. T. Se c, entee ll -cZa!J-old oals sllOu; i ng , u; itlz the same lo u; d eg ree of b ase 
saiurat ioll , Il O effect 0 11 th e g ro u.; t h 17 u va l'uill g t h e 7) (fse-exclwnge capacity of t h e 
hento nite-sand m ixt llre. 

/ 

8 m.e \ 
60% 

F ig . 8. Rue cro}).') (i f Ill c (, li d of .2 i1/o llt I IS. sl l()lc i ll {!, I/O sig nifico llt difference of 
th e g ro te/II bU 'w ryill u t I l{' v ose ('xc l/{/Ilge cO/)(J c iIU of til e u ell tonit e-sand m ixtuT"e. 
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Exch. cap . : 2 4 2 6 2 4 g 46 4 g 68 m. e ./100 gms. 

Ba se sat . : 40 20 60 20 80 40 20 60 40 f.2Q.M 80 60 % 
Tot al bases: -o:s- 1 . 2 1.6 2 . 4 3 . 2 4 . 8 m.e . /10D gms . 

Fig. 9. Effect of degree of base saturation on yield of oats planted in 
bentonite-sand mixtures. 

0.4 and 3.6 m.e., each level was made up, in nlore than one way, by 
varying the levels of the base exchange capacity, and the degrees of 
saturation. Thus , for instance, treatments Blade up by either of 2 lll.e. 
exchange capacity, 80 percent saturation, or 4 lll.e. exchange capacity, 
40 percent saturation, or 8 m.e. exchange capacity, 20 percent satura­
tion, all gave the same absolute alllOunt of bases, i.e. , 1.6 m.e. per 100 
gram of the bentonite-sand mixture. However, crop yields have been 
affected differently b y these treatl11.ents . In all cases, with the san1e 
absolute anlount of bases present in the llledia, the highest percentage 
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Fig. 10. Effect of degree of ba.se saturation on yield of 1'ye plants in 
bentonite-sand 1nixtures. 
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of saturation gave the best yields of oats and rye. Furthermore, the 
greater the difference of degree of saturation, the greater the difference 
in yields. These facts , shown by the graph in Fig. 9 and 10 and 
by the photographs in Figs. 11 and 12, suggest that the growth of both 
oats and rye crop is n10r directly related to percentage saturation 
than to total amount of bases. 
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Fif!. . . Il . Ser.;e llt ee ll -c/a!l-old oots showing th e gro u;tll co ndition is m ore directl!! 
re/(/[c(/ [0 perce lltage saturatioll than to totol WlIOllnf of !Jases ill helltonite-salld 
III ixlIIres. A /I fhr ee iors contained 1 .6 m .e. of bases per 100 gram s of media. 

Fig . 12. Bye crops ot the end of 2 months, showing that the growth condition 
is //lore directly related to percentage saturation than to total amount of bases in 
/)(, Ill ollite-solld nLixtu'/"es . The two iOTs on the Left contained l.2 m.e. bases, the 
tlm'e ill th e m iddle contained 1.6 m. e. bases. onc! th e two on the rigId cOl1ta il1 pd 
:L! 111 .('. boses jJcrLOO gmlllS of Jl/ er/i(( , 
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II. KAOI.IN-SAND ?\lrxTu HE 

Yields of oats and rye showing th e effect of varying levels of bases 
in th e kaolin-sand Jnixtures are given in Table 5. Th e increase of 
percentage saturation of th e kaolin-sand nlixtures in this experiment 
did not seen1 to have th e same effects on the yields of oats and rye 
as it had produced in th e bentonite-sand nlixtures . Th ere were some 
increases in the yields as th e degree of base satllration increased frol11 
20 to 40 percent at both levels of exchange capacity. But on the per­
centage basis the amount of increase was slight as compared with the 
percentage increases of yields in the case of bentonite-sand mixtures. 
The yields of rye were about th e same at th e corresponding levels of 
base saturation regardless of the exchange capacity , although thc 
yields of oats were a little higher on th e 2 m. e. exchange capacity seri es 
after the mixture had been diluted with sand. 

Th ese facts suggest that a sufficient supply of available hases was 
supplied in the low-saturation levels , and/ or that some other factors 
besides th e base status of the media were bmiting the growth of the 
plants. It is evident from th e data in Table 2 that the pH of the media 
is not sufficiently low to limit the growth of oats and rye. But it was 
noticed during tb e experim ent that kaolin -sand mixtures exhihited 
poor physical properties . As water evaporated fronl th e mixture . a 
very hard crust formed on the surface as if it had becn subjected to 
pressure. Furthermore , cavities developed under th e surface cru st 
which might have caused damage to th e roots of the crops. All th ese 
indications lead on e to suspect that th e base status of th e kaolin -sand 
mixture is not the only factor affecting the growth 01' oats and rye. 
However, the general similarity of th e results between t]l e yiclds of 
rye grown on the original kaolin-sand nlixtures and th e yields of oats 
grown on the diluted kaolin-sand mixtures indicate that th e growtll of 
oats and rye is more closely related to the hase status than to the 
physical properties of th e media. It was observed that a 20 percent 
saturation of bases in kaolin-sand mixtures provided a sufficient Sllppl) 
of available bases for fair growth of oats and rye, and a 40 percent 
saturation supplied enough available bases for maXimlllll growth of 
plants under the bmitation of other factors existing in the experiment. 

A cOlnparison of treatn1ents between 1 m. c. and 2 nl.e. exchaJlgc 
capacity series reveals that with th e san1e total supply of 0.4 m. e. 
bases per 100 grams of the mixture, the 40 percent saturation of th e 
1 m. e. exchange capacity jars gave greater yields of oats and rye th an 
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TARLE .5- EfJect of differellt 7evels of excl/{/Ilgeable bases on !fields of oals and r!Je 
plal/ts ill koolin-.wI/HI mixtllres 
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*V,tiues rep rese ll t averag(' dry \\' ('ig h Ls of Lil e above-gro ulld portions from Lhree r e pli ca t e p ot 
c ui t.u res. 

the 20 percent saturation of the 2 n1. e. exchange capacity jars (Table 
.5). On th e oth er hand, no in1provement of yields of the 80 percent 
saturation of the 1 m. e. exchange capacity jars over those of the 40 
percent of the 2 m. e. exchange capacity jars was obtained , although 
they all contained 0.8 n1 .e. total bases per 100 graIns Il1ixture. These 
results again suggest that the growth of both oats and rye crops is 
more directly related to percentage saturation than to total amount 
of bases and that a 40 percent saturation of bases in kaolin-sand Inix­
ture is probably all that is needed for the growth of oats and rye under 
th e experim ental condition. 

III . Fox SANDY LOAM 

The general growth condition of peach seedlings as affected by 
the degree of base saturation is shown in Fig. 13. The average total 
length of the shoots of peach seedlings after .5 months of growth in 
the treated soil was 29.1, 41..5, 2.5.7, 22.3, and 23.7 centiIneters for the 
2.5 percent (untreated) , .50 percent, 7.5 percent, 100 percent and 1.50 
percent saturated soils respectively. 

As can be seen in Fig. 13, the growth of the peach seedlings in 
general was not very good. The best growth was at the .50 percent 
saturation level. Peach seedlings grown in the soil with the treatn1ents 
to give more than 7.5 percent saturation of bases appeared very poor 
in growth, with only few leaves rell1aining on the top, and, of the four 
replications , two failed to survive at the 1.50 percent saturation level, 
and one at the 100 percent saturation level. During the early stages 
of th e experim ent, it was discovered that some of the peach seedlings 
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Fig . 13. Grou;th of peach seecZlings as illflu e ll ced by tll e degree of base satu ­
ration of Fox sOl/dy 700111. T reatm ents from left to f ight are: No . i - untreated 
natural soil (about 25-pcrcent saturation), No. 2- 50-percent saturation, o. 3-
75-percenl saturat ioll , No. 4- 100-pcrccllt satllration , No. 5- 150-percent satttration. 

developed abnormabties in growth. Their leaves becaJne curled and 
and seedbngs began to branch out with nun1erous small leaves. Ac­
cording to Tukey and Carlson (37, 38 ) it js probahle that thj s dwarfing 
effect js the result of in con1plete uafter-rjpening" of the peach seeds 
prior to plantin g. Although all the abnormal peach seedlings were 
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TA BLE 6- Y ields of to/l/at o (llId oof s crol)S a 8 affec ted by the degree of hase satu ­
ration of Fox sanely loam 
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fi nally replaced h y normal ones during the experiment, the general un­
successful growth did not yield dependable information as to the effect 
of degree of saturation on th e growth of the peach. 

Because of the unfavorable photo-period, as has been n1entioned 
before, the growth of soybean and proso millet crops following the 
peach also was not satisfactory. Consequently, no 111easurel11ent of 
their response to the soil treatments has been made available for the 
discussion . 

In Table 6 are presented th e results of th e experiment on t0l11ato 
and oats crops with th e same treatn1ents. A comparison of the height 
of the tomato plants , as affected by th e various treatments , can be 
made by referring to Fig. 14. Differences in the yields of fruit and 
plants and also in the length of the l11ain stalk were n1arked between 
the 50 and 75 percent saturation levels. Above 75 percent saturation 
levels, there were slight decreases in the yield of fruit and plant 111a­
terials , accOlnpanied b y more marked decreases in the length of the 
n1ain stalk. 

The yield data of th e oats show the same general trend, as related 
to the base status of th e soil, as did th e tOlnatoes except that the differ­
ence in yields is noticeable only between 25 percent (untreated) and 
50 percent saturation levels. All these facts suggest that the growth 
of tomato and oats increases as the degree of base saturation of the 
soil increases but only LIp to a certain saturation level. For the present 
soil containing dominantly illitic type of n1ineral colloid along with 
SOll1e organic colloids, this limitin g level seems to be about 50 percent 
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Fig. 14. GrOLiAIi of to/l/oto ploll! s at 90 daus (I S illfluenced lJu tll e degree of 
bose satllrotion of Fox sandu 100m. Treatm ents fro/)) left t o right (Ire: No. 1-
untreated /lotur(d so il (a/JolIl 2.5-}JCl'c e /lt solumt iOIl ), No . 2 - .50-jJercent, No. 3-
75-percent, No. 4-1 00-perce llt , alld No . .)- lSO-}JC rcc llt base soturated. 

saturation for th e oats and 7.5 percent for th e tomato plant. The 
higher critical saturation level for tOlnato plants as compared wjth that 
for oats has th e support of the well recognized fact that jn general 
tomatoes demand soils of hi gher fertihty than do oats. 

EFFECT OF DEGHEE OF BASE SAT U HATJON O~ TilE ~lINEHAL 
CONTENT 0 F PLANTS 

1. BEl TONlTE-SA TJ) ~IIXTUHES 

The results of th e clwmical analyses of th e abo ve-ground pOl"tions 
of oats and rye are summarized jn Table 7. Among the three min eral 
constitu ents , the greatest variation occurred in K. Fjgures 14 to 20 
show graphically the Ca., ~'[g and K contents of the oats and rye and 
the relationships be tween the base status of the bentonHe-sand 111jX­
ture and the min eral composition of the crops. 
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TABLE 7-Mineral content of the oven-dry tissues of oats and rye as influenced 
by base status of bentonite-sand mixtures 

Base exchange capacity, m .e./100 gm. mixture 

Base 

I II I 
satura- 2 4 6 S 

tion, 
percent 

M.e. / 100 gm . dry t issue 
---------- 1\:- 11 Ca 

-------- - --
Ca Mg K Ca Mg Mg K Ca Mg K 

- --

Oals 

20 . . .... l S.2 3.1 13 . 2 14 .S R.O 1O .S 19.2 !).4 10 .3 22.0 4 . 6 12 .7 
40 ...... 2S . 0 9.3 23.9 31.3 LL. !) 17 .8 40.2 8 . 5 l 4. 0 4 ] .3 7.4 16.1 

II 60 ...... 32 . 1 20.9 37 .5 33.2 19 . 1 36 . .') 3S.5 13 .2 30 .7 42.S l S . 1 I. ~~ : ~. SO .. .. .. ::12.3 22.6 52 .3 34 . .') 22. 0 44.7 40 .2 20. 3 36 .0 . ... . . .... . 
l~ye 

20 . . . ... 11. 1 3. 0 11 . 7 11 . 9 7.2 2 1. .0 ] S.5 7. 0 9.2 15 .2 S.l 
40 .... . 21.6 12.9 13.7 29.5 1. 5. 0 20 . 1 29 9 14.3 12.7 34 .0 23.4 
60 ..... . 29.R 20.2 4 1 . 1 3 L~ . 0 16 . .') 37.3 32 . 6 23.3 25.S 35.2 26 . 5 
80 . ... .. 3 L.6 23.1 .')2. 0 32 .8 22 .8 45.5 II 32 .3 24 .0 40 . 4 . . . . . . .. ... . 
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Fig. 15. The effect of degree of base saturation on the Ca content of 
oats in bentonite-sand mixtures. 
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23 . 5 
49.2 
...... 

F rOlll Figs. 15 and 16, it can be seen that the Ca content of both 
oats and rye increased markedly frOln 15 to 30 percent Ca saturation 
levels (or fr0111 20- to 40-percent saturation of total hases), hut showed 
only a little increase frOJn 30- to 45-percent Ca saturation levels (or 
fron1 40- to 60-percent aturation of total bases). Beyond that, there 
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was practically no increase in Ca content. This situation is sin1ilar 
in all cases , regardless of the exchange capacity of the media. The 
results indicate that for a bentonite-sand Jl1ixture, a IS-percent sat­
uration of Ca will not supply enough available Ca to meet the re-
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Fig. 16. The effect of degree of base saturation on the Ga content of 
rye in bentonite-sand mixtures. 
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Fig. 17. The effect of degree of base saturation on the K content of 
oats in bentonite-sand mixtures. 
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quirem ent of oats and rye. Tn order to afford an an1p1e supply of 
readil y availabl e Ca £rOln th e exchange complex, the saturation level 
of Ca for a Jl1onbnorillonitic clay has to b e at least above 30 perc en t, 
or b e tter 45 p ercent, of th e exchange capacity. 
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vVith respect to th e potassium curves shown in Figs. 17 and 18, 
it is observed, in general, that the curves rise slowly at th e beginning 
and th en rather steadily throughout the relTIaining range of the curves. 
Considering the usually great error in volved in the method of deter­
Inining potassimTI, it is believed that the potassil1l11 conten t of th e 
plants in question was probahly not significantly affected b y the base 
status of the 1l1edium until it reached a K-saturation level of about 4 
percent of the total exchange capacity. A considerable increase of 
K availability to the plants from a 4 percent to a 6 percent K-saturation 
level was evident fro1l1 the curves. As the K-saturation level increased 
from 6 to 8 percent, the K-content of th e plants increased still further, 
indicating a n1axirnl1l11 availability of K had not yet been reached. 

The ~1g-curves (Figs. 19 and 20 ) also show general increases in 
the Mg content of the plant tissue as the saturation level of Mg in the 
n1eclium increased. The trend is more or less like that of K rather 
than Ca, but the variation is within a smaller range. 

In con1paring the yields with the lnineral composition of the oats 
and rye, it is suggested that the n1arked increase of Ca availability at 
the 40-percent level of total base saturation js probably the main rea­
son for the increase of the yields at that level. Furthermore, the 
increase of yields beyond the 40-percent level seen1S to coincide with 
the continuous rise of the K and ~1g curves. These facts indicate that 
the differences in the growth of oats and rye are lTIOre closely related 
to the degree of base saturation , through its combined effects on the 
availability of differen t cations, rather than the pH values as such. 
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TABLE 8- M inrl'ol content of the ove n-dl'U tiss ll es of oats onclrye as inf/'lienced by 
, the base status of kaolin -solid mixtures 

Base exchange rapaeity . m.n./ IOO gm. mixture 

Base saturatioJl . ]JOI'(,OJlt , ------~~--J 
m.e. / lOO gm. dry t.issue 

Ca Mg K Ca Mg K ---- --11------
-----------~--------------- ----------- -

OaLs 

20 . . . . . . . . 3R.l 10 . 1 .5 . 5 

II 
45 . 0 13 . 3 10 . L 

40 . 37 . :1 L8 . 2 17 . 1 43 . 1 19 . 2 18 . 5 
GO . 39.1 16 . 2 18. 5 42 . 2 21.1 21.3 
80. 37 . 8 17 . 3 23 . 0 39 . 2 19.8 22 . 8 

Rye 

20 . 31.] 9 . 1 

I 

2.5 

II 

28 . 2 12 . 5 8 . 5 
40. 30 .8 10 . 2 13 . 5 31.9 15. 8 12 . 4 
60 . 29 . 2 14 . 0 18 . 7 30 . 5 17 . 3 19 . 6 
80 . .. .. .. 29 . 9 15 . 7 19 . 3 34 . 8 16.2 18 . 0 

Furthermore, the data reveal that the nlineral content of the plants, 
like the yields, was nlore directly related to the percentage saturation 
than to the total anlonnt of bases present in the mon hl10rillon itic clay. 

II. KAOLIN-SAND MIXTURE 

The effect of the variations in the level of base saturation upon the 
lnineral content of the plants in kaolin-sand nlixture is given in Table 
8 and Figs. 21, 22, and 23. There was no significant increase in the 
calcium content of the plants as the saturation level increased. This 
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}7ig. 2l. The effect of degree of base saturation on the Ca content of 
the plants in kaolin-sand 1nixtul'es. 
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indicates that a I5-percent level of Ca saturation supplies enough 
available calciUlTI for the nutritional requirelnent of oats and rye. 

The potassiun1 curves show that there was a general increase in 
the potasSin111 content of the plants as the level of K sa turation in the 
kaolinitic colloid increased £r0l11 2, through 4 to 6 percent of the total 
base exchange capacity. However, no significant increase was noticed 
above the 6-percent saturation level. The Mg situation was much the 
same as the K. Therefore, it is believed that a sufficient supply of K 
and Mg had been reached at the level corresponding to 60-percent 
saturation of total bases . 



34 MICHIGAN TECH N JC AL B U LLE TIN 214 

III. Fox S ANDY L OAM 

The results of the cheu1ical analyses of ton1ato leaves and oats 
grown on Fox sandy loam are shown in Table 9 and in F igs . 24, 25 and 
26. There were appredable increases in the Ca content of plants when 
the level of total base saturabon was increased from about 50 to 75 
percent of the total exchange capacity ( Fig. 24 ) . However, above that 
level, the increase in the Ca content of the plants was overshadowed 

TA BLE 9- Effect of degree of base satl/ration on the composition of oats and tomato 
1,7an ts grown on Fox sa ndu loam 

B ase sat,uration , * percen t 
____ ._I .:_a_t()_I_Ca_\_'e~ __ J -------o-a-ts-----­

J\ Lin eral con t en L. m _e./100 g m . 

Ca. l\rg Ca 
----------------------- ----------- -----------

24 . .5 ..... . .... .. . . . .. . . . ... . ..... . :H . l 
3.5. -~ 
63 . G 
65 . 2 
.,)!J . 3 

22. -~ 
22 .3 
21 . 4 
:32 . .5 
3 ;') . 6 

13 . .5 
lG . O 
I G.9 
2 1 . 1 
26 . 9 

2 S . J 
20 .;~ 
'10 . 4 
45 . 3 
45.9 

lG . 2 
19 . 4 
17 . 1 
22 .3 
20 .4 

.50 .. 
7.5 .. 

100 _ . 
150 . . 

*Ratios of Ca :i\lg : I{ a re sho wn in T ahl e ~~. 
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Fig . 24. T he effect of th e deg ree of base saturation on the Ca conten t 
of tomato and oats plants in Fox san d y loam . 
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by the rapid increase in K content (F ig. 26). The ~i(g curves (Fig. 
25 ) were not as regular as the ea and K curves. In general, the Ca 
curves coincided fai rly well with the yield data. 
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EFFECT OF COMPLE~IENTAHY rOl S 0 1 THE GRO\VTH A D 
MINEHAL COMPOSITION OF PLA TS 

1. BENTONITE- AND K AOLIN -SA ND MIXTURES 

The yields and composition of rye in the bentonite- and kaolin­
sand n1ixtures are given in Table 10. The 15 treatments listed in 
the table can b e divided into three groups according to the design of 
the experil11ent. The first five treatments gave the saJne degree of ~1g 
and K saturation, but varied in the degree of ea saturation or its con­
comitant, the degree of hydrogen saturation. In the second five 
treatn1ents , the degree of Mg saturation varied and lastly in the third 
group of treatn1ents , the degree of K saturation varied. The yield data 
of the plants showed little differences within the groups or an10ng the 
three groups. Only the last group of five treatments showed consist­
ently increasing yields as the degree of potassilu11 saturation increased. 

The graphs shown in Figs. 27, 28 and 29 shoyv the effect of degree 
of saturation of the con1plen1entary ions on the n1ineral nutrition of 
plants. FrOl11 Fig. 27, it can be noted that with an increase in the ea 
ions on the clay particle there was a gradual decrease in the ~1g and 
an increase in the K content of rye. ~10re K was also absorbed by rye 
when con1plel11entary hydrogen ions were increasingly replaced by the 
111agnesiun1 ions on the colloidal particles (Fig. 27 ) . The results agree 
with the findings reported by Peech and Bradfield (31 ) . 

TABLE lO- Effect of com plem entaTY 'ions on yields and composition of rye in 
be l1tol1ite- and kaolin-sand mixtuTes 

P m'ce n t sa t uration Yie ld . g rn . :;VLe ./100 g m . dry Lissue 

---------------1--------------------------

Oa M g K 

30 15 15 
35 15 15 
40 ] 5 1.5 
45 15 15 
50 I .'> 15 

40 :) 15 
40 10 15 
40 15 15 
40 20 15 
40 25 15 

40 15 .5 
40 ] 5 LO 
40 15 I."i 
40 I S 20 
40 1.5 25 

H 

40 
35 
30 
25 
20 

40 
35 
30 
25 
20 

40 
35 
30 
25 
20 

13 ell­
toniLe 

3 . 53 
:3.2:') 
3 . . 53 
:3. 06 
:3 . L8 

3 . 01 
3 . 9 1 
3 . 53 
3 . 99 
3 .38 

;~ . 20 
:~ . 07 
:3 . . "i3 
'~ . 09 
3 . 9 1 

Kaolin 

3 . 0.5 
3 . 38 
3. 04 
3 . 48 
3 . 23 

3 . 05 
3 .36 
3 . 04 
3 . 33 
3 .3 1 

3 .00 
3. 22 
:3 . :37 
0 . 48 
3 . 53 

B en LoniLe Kaolin 

Oa, M g K 0<1 M g K 

13 . ;~ 11 . 5 24 . 8 24 . 5 13 . 6 22 .5 
18 . J 10 .8 23 .8 28 . 3 12.8 22 . 8 
24 . 4 8. 7 27 . 5 26 . 8 12 . 1 26 . '1 
28 . 6 9 . 2 29 . 0 25 . 6 12 . 2 25 . 1 
26 .8 8. 5 29 . 7 29 . 7 11 . 4 28 . 4 

25 . 5 8 .4 27 . 2 29 . 3 8 . 9 22.4 
26 . 1 10 .2 28. 0 26 . 8 9. 6 24 . 2 
24 . 4 8. 7 27 . 5 26 . 12 . 1 26 . 4 
2 1. .5 9 . 6 30. 4 24.4 11 . 5 27 . 6 
20 . 5 15 . 3 31. 7 23 . 5 14 . 6 26 . 9 

29 .3 10 . 7 16 . 5 27 . 6 14 . 4 11 . 7 
28. 0 LO . : ~ 24.1 26 . 2 12 . 5 29 . 4 
24 . 4 S . 7 27 . 5 26 . 8 12 . 1 26 . 4 
23 . 2 8 . 0 34 . 4 21.0 11 . 3 31.7 
22 . 7 8 . 3 3 7 .8 20 . 5 10 .8 28 . 5 
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The Ca content of the plants was decreased by increasing the Mg­
saturation, or by decreasing its concOlnitant, the H-saturation (Fig. 
28). It also is observed, that as con1ple1l1entary ions to exchangeable 
Ca and ~1g, increasing increments of K-ions resulted in less absorption 
of Ca and Mg by the plant (Fig. 29 ) . In other words, the increase of 
the degree of H-ion saturation as cOlnpared with K-ion saturation is 
in general a helpful factor in n10bilizing Ca and Mg ions into plants. 

Figure 30 shows the Ca, ~1g and K contents of rye as influenced 
directly by the degree of saturation of Ca, NIg, and K respectively. 
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Fig. 28. The effect of the degree of Mg saturation on the Ca and K 
contents of rye. 
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The resu I ts are in gC llcra] agrcC'men t'vvith those 1llC'])bon ecl prcviously. 
Son1e deviations might he clue to the clifferences in the ratio between 
th e three major exchangeable cations. 
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Fig. 29. The effect of the degree of K saturation on th e Co and lVlg 
co ntents of 'I'ye. 
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II. Fox S ANDY LOAM 

The yields and mineral cOlnposition of tomato and oat plants grown 
in Fox sandy loam are presented in Table 11. Figure 31 shows the 
actual growth condition of ton1ato plants at the end of 90 days. The 
n1axin1un1 yield of tomato fruits was obtained when the soil was at the 
level of 35 percent saturation with Ca, 5 percen t with ~,,1g and 10 per­
cent with K (i.e. a ratio 7: 1:2 ) . The yield data of the tomato plants, 
however, did not coincide with those of the fruits. No significant 
difference in the yields of oats was observed. 

It was found that with the saJne degree of K saturation, the replace­
ment of a part of the Mg by Ca as complen1entary ions, increased th e 
potassiUll1 con tent of th e plants. Aside fr0111 that, the results are not 
available for furth er interpretation b ecause of the design of the experi­
n1ent. 

EFFECT OF THE NATUHE OF CLAYS ON THE AVAILABILITY 
OF EXCHA TGEABLE CATIONS 

Since n10st of the relationships between the nature of clay :minerals 
and the effects of degree of base saturation on th e growth and 111ineral 
composition of plants have already been n1ention ed in the previous 
sections, only a few relnarks need to he added here to complete the 
picture. As indicated in Table 1, rye was grown on the bentonite- and 

TABLE II - Effect of complem entary iOlls 011 yie7ds and composition of oats arid 
tomato plants grown on Fox sanely 70am 

P (wC'cn t sa,t ura t ion Y ie ld , gm. * Comp()si t ion , m .c. / 100 g m . cI r y t issu c 
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:jD7 
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f l'u its . 



40 MICHIGAN TECHNICAL B ULLETIN 214 

Fig. 31. The growth of tomato plants in Fox sandy loam at the end of 90 
days. Treatments involve variations in the degree of saturation of Ca, M g and K. 

No . 2- Saturation of Ca, 37.5%; Mg, 7.5%; K, 5%. 
No.6- Saturation of Ca, 40 %; Mg, 5 %; K, 5%. 
No . 7- Saturation of Ca, 35 %; Mg, 5 %; K, 10%. 
No .8- Saturation of Ca, 30 %; Mg, 10 %; K, 10%. 
No. 9- Saturat'ion of Ca, 30 %; Mg, 5 %; K, 15%. 

1 aolin-sand n1ixtures at the SeHne period during the experiInent. As a 
result, data are available for n1aking direct cOlnparisons between the 
effect of th e degree of base saturation of n10ntn10rillonitic clays and 
that of kaolinitjc clays on th e growth and n1ineral cOlnposition of the 
plants. In referring to the data in tables 4 and 5, it is observed that 
the yields of rye were all higher in kaolinitic than in n10nhnoriJIonitic 
lnedja when the base saturation was below 60 percent of the total 
exchange capacity of 2 m.e. per 100 grams . Furthermorc, a comparison 
of the data ill tables 7 and 8 reveals that the ea and lVlg content of 
the rye grown in kaolin-sand n1ixture was higher than that grown in 
bentonite-sand n1ixture when both were at the levels below 60 percent 
of hase saturation. 
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DISCUSSION 

Perhaps the most outstanding thing den10nstrated by this investi­
gation is the marked influence of the nature of the soil colloid upon 
crop response to increasing degrees of base saturation. Yields from 
montInorillonitic colloid increased with each increment of base satu­
ration reaching a maxiInum at 80 percent saturation, the highest experi­
mental level. Growth in kaolinitic colloid increased as the degree of 
base saturation was increased fron1 20 to 40 percent but there was no 
increase beyond the 40 percent level. The illitic (hydrous n1ica) col­
loid gave results which were intermediate between the other two. 
Mehlich and Colwell (26) , working with soil containing montmoril­
lonitic and kaolinitic type of colloids, have found similar results. 

The data, pertaining to the mineral con1position of the plants, show 
that only within a certain range of base saturation is the mineral 
composition of plants a function of the degree of base saturation. The 
ranges of Ca, Mg and K are all higher in n10ntmorillonite than in 
kaolinite colloids. This fact suggests that with a given degree of base 
saturation, more exchangeable cations are available to plants in kao­
linitic colloid than in montn10rillonitic colloid. Exchangeable Ca and 
K held by illitic colloid seem to be even less available than those held 
by montmorillonitic colloids at the same degree of base saturation. 

From the structural consideration, 1\1arshall and Krindill (23) 
classified montn10rillonite, beidellite, nontronite, saponite, and atta­
pulgite as colloidal electrolytes, whereas the clays of the illite and 
kaolin groups are non-electrolytes. Using the potentiometric titration 
method and conductance n1easurement, Marshall (22) and his co­
workers (23) recently concluded that for the three cations, Na+, K+, 
and NRc! +, the ionization of the clay "salts" follows the order: kao­
linite > montmorillonite > beidellite > illite, whereas the apparent 
strengths of the clay "acids" as judged by their dissociation of R + are 
in the order montmorillonite > beidellite > illite> kaolinite. Adopt­
ing Marshall's idea of cationic activity (21) in explaining the relative 
uptake of exchangeable bases by plants, it can be seen that the results 
of the present investigation coincide with the results found by Mar­
shall and his coworkers in their laboratory studies. 

From the viewpoint of practical agriculture, it is of interest to note 
that in order to increase the Ca uptake by growing plants higher 
saturation levels of Ca and K are needed for illitic clay than for 
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111011tInorillonitic clay. In the case of kaolinite, the ea uptake by 
plants was as great at low as at high degrees of ea saturation and 
increasing an10unts of K at the lower degrees of K saturation resulted 
in a slight but gradual increase in the uptake of K by plants. Hence 
on kaolinitic soils only a relatively small amount of lime would be 
necessary to react with a small percentage of the exchangeable hydro­
gen in order to give a good crop response, while on montmorillonitic 
and illitic soils, n1uch larger quantities would be needed to give higher 
levels of ea saturation for improving the ea nutrition of plants. The 
fact that illite, according to Grim (13), is one of the main constituents 
of the glacial materials of the United States, Inight partly explain the 
need of heavy liming in some of Michigan soils. 

The advantage of localized application of fertilizers, particularly in 
n10ntmorillonitic and illitic soils , is clearly indicated by the results. 
Greater uptake of exchangeable bases and better growth of plants were 
obtained when the degree of base saturation was relatively high. 

Of great in1portance also in soil-plant relationships are the effects of 
cOlnplen1entary ions on the uptake of exchangeable bases by plants. 
The results of this investigation indicate that neutralizing an acid soil 
with ea or ~vfg should render exchangeable K n10re available. This 
serves as another reason for the general superiority of ea-clay over 
H-clay. However, excess application of K fertilizers to an acid soil may 
prove to be undesirable, because as complementary ions, K tends to 
inhibit the uptake of ea by plants. 

Turning to the theoretical aspects, let us now review briefly some 
of the theories which have been offered to explain the difference in 
availability of various exchangeable bases. Explanations given by 
Horner (16 ), attributed the difference to the relative energy of adsorp­
tion of different exchangeable bases on the surface of clay particles. 
However, no nlunerical value or exactly relative order of energy 
of adsorption was given by Horner. Jenny (17), in his equation illus­
trating the quantitative relationship between the interchanging cations 
and the con1plementary ions, used oscillation volume as a measure of 
adsorb ability. The greater the oscillation volume, the smaller the 
adsorbability and consequently the greater the availability of the ion to 
the plant. Later, Jenny and Ayres (18) were able to evaluate the ratio 
of oscillation volumes of some of the exchangeable ions. 

Recently Marshall employed various n1ethods for the Ineasurement 
of cationic activity of the exchangeable bases, and used the term 
"cationic activity" almost synonymously as "ionic dissociation" or "avail-
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ability". Cooper and his coworkers (9) have repeatedly proposed and 
presented evidence for the theory that the intensity of renloval of 
cations from soil colloidal complexes is largely a function of the 110rnlal 
clectrode potentials of the element concerned. Most of the theories 
proposed by various workers are, in reality, essentially the same but 
with different terminology. 

No satisfactory explanation has yet been advanced for the differ­
ence in the availability of exchangeable bases on different types of 
clay minerals. Theoretically, the physico-chelnical behavior of the 
surface of a colloidal particle is a function of both the geometrical and 
electrical properties of this surface. Fronl the geometrical viewpoint, 
the surface may be of the convex, plane or concave type. These differ­
ences in geometric shape of colloidal particles will result in different 
distribution of electrostatic attractive force on the surface of the col­
loidal particle. Duclaux (3) has calculated the distribution of ions 
around a spherical particle (convex field) of opposite charge. Winter­
korn (40 ) made studies on the surface behavior of platy-shaped clays 
( planar surface). An analysis of the equations for the convex field 
shows that the ionic concentration is very high close to the surface and 
falls off rapidly with increasing distance. This decrease becomes more 
rapid with increasing charge of the ions. In the case of the planar 
surface the concentration stays practically constant with increasing 
distance fronl the surface. For clays of different shape, these facts 
may account for a part of the different availability of exchangeable 
bases on different colloidal clays. But since the three colloids used in 
this experiment are all platy in shape, this factor of the shape of clay 
minerals does not actually exist in the present case. 

According to Hendricks (15), there are two forces which exercise 
the attraction of exchangeable cations on the surface of colloidal crys­
tals. One is the Couloumb's force due to electrostatic attraction and 
the other is the Van der Waal's force. Van der Waal's force varies 
primarily with the nature of the ions (or molecules) which conle upon 
the surface of a clay mineral as adsorbed particle, while Couloumb's 
force varies with the nature of the ions, the crystal structure of the 
Inineral and the distance between the crystal surface and the seat of 
isomorphous replacenlent within the crystal lattice. For certain struc­
tural reasons (14), iSOlnorphous substitution within the crystal lattice 
of kaolinite is believed to be absent. The exchangeable bases are held 
on the surface of kaolinite mostly through the direct replacement, by 
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cations, of R in OR groups of the lattice surface (20). But in mont­
Jl1orillonite, a 2: 1 type clay mineral, due to its structural characteristics, 
seats of replacement are offered to the cations. The difference in the 
forces of attraction thus created may account for at least a part of the 
difference in the availability of exchangeable bases on the surface of 
montn10rillonitic and kaolinitic types of clay minerals. 

SUMMARY AND CONCLUSIONS 

This investigation was undertaken to attain by means of pot cul­
tures a better understanding of the Significance of the degree of base 
saturation in relation to the growth and n1ineral composition of certain 
crops. 

Two relatively pure mineral colloids, bentonite and kaolin, and a 
Fox sandy loam containing illite were used for the studies. Bentonite 
and kaolin were first electro-dialyzed and then mixed with different 
an10unts of pure quartz sand to give varying levels of base exchange 
capacity. Treatments were n1ade to all three cultural n1edia for vary­
ing degrees of base saturation and also, in a separate experill1ent, for 
varying ratios between one of the three n1ajor exchangeable cations 
and exchangeable hydrogen. Oats and rye were grown in succession in 
montmorillonitic and kaolinitic media, while peaches, soybeans, proso 
(millett), ton1atoes and oats were grown in the Fox sandy loan1. Dry 
weights and contents of certain mineral constituents of oats, rye and 
ton1atoes were detern1ined. 

Yield data fron1 the montmorillonitic n1edia showed nearly linear 
relationship between the degree of base saturation and the growth of 
the plants. In the kaolinitic n1edia the increase in yields was only 
noticeable £r0l11 the first increment of bases; effects above 40 percent 
total base saturation being insignificant. The results from illitic soil 
were intermediate between those n1entioned above, i.e. the highest 
yields of tomatoes were obtained at the 75 percent saturation level. 

The yield data further indicate that the growth of plants was more 
closely related to the degree of base saturation than to the total supply 
ot exchangeable bases. With the same amount of bases and at the 
levels below 60 percent base saturation, the yields of rye grown in the 
kaolinitic colloid were higher than those grown in the l11ontmorillonitic 
colloid. 
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In the montn10rillonitic IDedia, the increase of Ca uptake by the 
plants fron1 the first increment of Ca was pronounced with only little 
effects above 30 percent Ca saturation (or 40 percent level of total 
base saturation). The K content of the plants was increased appre­
ciably at only the. higher levels of base saturation, while significant 
increases in the ~1g content of the plants occurred at lower levels (i .e. 
below 60 percent base saturation level). 

In the kaolinitic media no appreciable change in Ca and ~1g content 
of the plants was noticed. This is an interesting contrast to the results 
obtained with the n10ntmorillonitic media. However, there were defi­
nite increases in K content of plants, with increasing increments of K 
at the lower levels of saturation. 

The higher contents of Ca and Mg in the plants were found in 
kaolinitic media rather than in the IDonhDorillonitic lnedia, provided 
the total base saturation level was under 60 percent of the exchange 
capacity. On the other hand, the K content of the plants frOID n10nt­
Inorillonitic media was invariably higher than that frOJn the kaolinitic 
media. 

In the illitic soil the n10st n1arked increase jn Ca content in plants 
occurred when the degree of base saturation was increased fron1 the 
50- to the 75-percent leveL Beyond that point, no appreciable increase 
was noticed. As the degree of base saturation of illitic soil increased, 
the K and ~1g percentages in the plants increased also. 

The effect of cOIDplen1entary ions on the availability of the ex­
changeable hases was indicated by the mineral composition of the rye 
grown in montJnorillonitic and kaolinitic n1edia receiving the same 
treatments. The results all show that referring to H-ion as standard, 
the Ca-ion and Mg-ion tended to increase th e availability of exchange­
able K, while the K-ion exhibited the reverse effect on exchangeable 
ea and ~1g. The well recognized fact that Ca and Mg ions have a 
mutual repressive effect was also observed in the experiment. 

The study also discusses, frOIn the theoretical point of view some 
of the factors involved in detern1ining the availability of exchangeable 
bases. 
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