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RECL&MATION INVESTIGATIONS t1ITH 

VIRGIN BLACK ALKALI SOILS 

INTRODUCT ION 

The fact that alkali soils are found widely distributed over 

large areas of the earth's surface and that more of these soils are 

continuously being fornied makes their reclamation a probleni of 

great importance. The so-called "white alkalitm soils are moro 

properly termed saline and may be reclaimed readily by proper drain- 

age and the use of irrigation water to wash out the salts, provided 

they do not "freeze up" during this process. The term tialkalift is 

reserved in this paper for the so-called "black alkali" soils, or 

soils containing a large amount of sodium carbonate, These soils 

are characterized by a very poor physical condition due to the 

dispersed stato which is brought about by the sodiunt carbonate. 

The surface is easily puddled and the soils are very impermeable to 

water. To reclaim these soils satisfactorily, deep drainage and 

copious irrigation with water of good quality must be supplemented 

by various chemical treatments. It has been shown that these soils 

are formed by substitution of alkaline bases largely sodium for some 

of the earthy bases such as calcium in the clay complex of the soil, 

and in order to reclaim these soils a reversal of this reaction must 

be brought about. 

The purpose of this study is t,o learn the chemical changes 

resulting from the various treatments applied to the virgin black 
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alkali soil at the Vale experiment field in eastern Oregon, 

especially the extent of removal of adsorbed sodium, elimination 

of soluble salts, and. effect upon the base exchange capacity of the 

soil involved. 

REVI1 OF THE LITERATURE 

A review of the literature reveals that an extensive amount 

of work has been done on alkali soils. As this work is well known 

by soil scientists it is deemed advisable to review here only the 

work which bears directly on the problem under investigation. 

Most investigators agree that soil alkalinity is a phenomenon 

originating in the base exchange complex of the soil. Johnston and 

Powers (io) in reporting four seasons' work with field and tank ex- 

periments state that leaching alone has boon effective in removing 

the soluble salts, but not effective in removing the sodium carbon- 

ate or in improving the physical condition of the soil. They con- 

c].ude that leaching, drainage, and chemical treatments are necessary 

in reclaiming black alkali soils. They used gypsum, sulfur, alum, 

and manure in various amounts. Sulfur was first used on alkali 

soils in Oregon in the Klamath basin In 1917 and a good stand of 

sweet clover was secured by its use. Seven to ten tons of gypsum 

were required to secure a good stand of sweet clover. Five hundred 

pounds of sulfur used in combination with 20 tons of manure per acre 

made good yields of rye and sweet clover. Heavier applications of 

sulfur alone are effective. Manure was not effective when used 

alone. Five tons of alum were required to soften the soil. Tank 

experiments have verified field results and show the value of gypsum, 



sulfur, and. alum treatments. In a later report Powers (16) has 

stated that sulfur is the most feasible and successful sin1e 

chemical treatment in reclaiming black alkali soil. He suests 

that sulfur is store effective than rpsuxn due to its greater so].u- 

bility effect, more active properties, concentrated form, and the 

fact that it may perform a cyclic role. Fifteen hundred to three 

thousand pounds of sulfur were required per acre but smaller quan- 

tities proved effective if used in combination with manure. Sulfur 

and gypsum were more effective combined than either used alone. A 

close relation was found between the kind of base on the exchange 

complex of the soil and crop yields produced. In experiments 85% 

of the salts have been removed front the first forty inches of the 

soil. 

Scofield and Headly (20) suggest that the alkali reclamation 

problem has two phases: (1) inadequate drainage or excessive salts 

in the irrigation water, and (2) the soil becomes impermeable and 

tends to "freeze up" after wetting. They state that soil may become 

alkaline by irrigating with water containing sodium salts. Irriga- 

tion water used in reclamation should contain moro calcium and mag- 

nesiuni than sodium. In a later report Scofield (19) states that 

permeability of the soil to water is largely influenced by the 

character of the bases on the exchange complex, and when alkaline 

bases predominate the soil is deflocculated and impermeable. Ho 

suggests that when alkali soils are leached they often become imper- 

meable, due to the alkaline bases combined with the soil which cause 
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deflooculation when salts of the strong acids are removed. The 

injurious effects are due to the sodium and not the carbonate in 

alkali soils. Reclamation must bring about a readjustment of the 

amount of sodium in comparison with the other bases on the exchange 

complex of the soil. 

Kelly and Thomas (14) state that the unproductivity of alkali 

soils is due to an excess of soluble salts and an abnormal chemical 

composition of the clay constituents of the soil. Reclamation must 

involve removal of the salts and conversion of the clay constituents 

of the soil into calcium salts. Kelly and Thomas (14) and. Kelly and 

Arany (12) have shown that the productivity of Fresno alkali soil 

can be greatly improved by the use of gypsum, sulfur, iron sulfate, 

or alum, provided they are supplied in sufficient amounts. Gypsum 

precipitates the soluble carbonate as calcium carbonate. The other 

materials either decompose carbonate or convert it into bicarbonate. 

The effect of gypsum is dependent on its soluble calcium, while the 

others are effective because of the hydrogen ions formed which result 

in acids and bring calcium into solution. As a result the sodium 

content of the exchange complex is decreased and the calcium content 

increased the result being a soil greatly improved in physical con- 

dition, which makes the removal of the salts from the soil by leach- 

ing possible. Sulfur was found to be more economical and was needed 

at the rate of about 1000 pounds per acre on Fresno soils. Gypsum 

applied at the rate of 10 tons per acre gave successful results. 

Large amounts of iron sulfate and alum were required. They state 
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that the first foot of soil has been practically freed of soluble 

carbonates, the second foot improved and the third foot affected, 

but as yet none of the plats are completely reclaimed. Leaching 

with water alone has failed to give satisfactory reclamation and 

unless the soil is wel]. drained there is no reasonable prospect of 

permanently reclaiming any alkali soil. 

Saniuels (18) found that sulfur oxidation was more rapid in 

sandy soils and in the presence of carbon dioxide. During sulfur 

oxidation carbonates and bicarbonates and sulfates and bicarbonates 

wore formed. Sulfofication studies show that sulfur undergoes oxi- 

dation around the particles of calcium carbonate forming calcium 

sulfate and carbon dioxide. The organisms use the carbon dioxide 

thus formed as a source of carbon. The presence of calcium car- 

bonate is very desirable in the reclamation of alkali soils by 

sulfur. Tank and field trial results show that a greater part of 

the alkalinity of black alkali soil has been neutralized by addi- 

tian of sulfur and striking crop yields were obtained. Bartholomew 

(1) has stated that a small amount of sulfur used in conjunction 

with manure will give maximum returns per unit invested. 

Breazeale and Burgess (4) have stated that the application of 

gypsum as a corrective for black alkali is in many cases the only 

practical remedy. They state that gypsum reacts with sodium car- 

bonate and removes the source of sodium hydroxide. Soils cannot 

contain black alkali if water and carbon dioxide are both present. 

Carbon dioxide unites with sodium carbonate to form sodium bicar- 
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bonate, which does not disperse tile soil because it does not 

hydrolyze to form sodium hydroxide. They íirther state that 25 

p.p.rn. of' black alkali will persist at ordinary toniperatures in 

the presence of a saturated solution of yPSWUI therefore gypsum 

can reduce black alkali to this figure and no lower. After apply- 

ing gypsum they advise leaching, application of organic matter, and 

good cultivation to aerate the soil so that bacteria can produce 

carbon dioxide to transform the remaining black alkali into sodium 

bicarbonate. The work of Catlin and Vinson (7) is in agreement 

with the above. They also state that the neutralization of black 

alkali with gypsum before leaching causes a saving in plant food 

the economical value of which would pay a considerable cost of the 

treatment. 

It is known that in many cases during the reclamation of black 

alkali soil the soils suddenly 'freeze up" or become impermeable 

to water. MeGeorge, Breazeale, and Burgess (15) have attributed 

this freezing up phenomenon to the fact that black alkali soils 

contain appreciable araount of water soluble aluminates. When the 

alkalinity is lowered to pH 8.6 or below the aluminates are precipi- 

tated as aluminum hydroxide which is a colloidal vicous solid and 

causes "freezing up". Leaching during the surmer months when the 

water is warm and intermittent wetting and drying out are recom- 

mended to overcome this condition. 

There has been considerable controversy as to the cause of 

plant nutritional disorders in black alkali 60i15. Breazeale (3) 
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states that the infertility of black alkali soils is not duo to the 

presence of sodium hydroxide, carbonate, or bicarbonate, but to the 

fact that such soils do not take water readily, do not drain rapidly, 

and often contain toxic amounts of sodium chloride and sulfate. In 

a later report Breazeale and McGeorge (5) state that the absence 

or deficiency of carbon dioxide in black alkali soils is the greatest 

factor concerned with their low fertility. They show that the soils 

are not deficient in available plant food but that the plants are 

unable to carry on absorption due to abnormalities and complications 

caused by the alkali. Contrary to the above beliefs many workers 

think that the toxicity of alkali soils is due directly to the effect 

of sodium carbonate. Greaves (8) has shown that biological processes 

are retarded in alkali soils and that organic manures are essential 

in their restoration. 

As soil alkalinity is closely related to the character of the 

adsorbed bases of the soil, it is very important to determine the 

amount and type of bases present; also to biow the reactions taking 

place in the soil complex. Until recently the study of exchangeable 

bases and base exchange reaction occurring in black alkali soils has 

been limited by the lack of adequate methods. Recently, however, 

methods have been developed and considerable work has been done on 

exchangeable bases in alkali soils. Toseph and Oakley (11) have 

shown that the nature and amount of replaceable bases present exert 

a profound influence on the physical conditions of the soil. 

Burgess and Breazeale (6) have stated that black alkali is formed 



by an exchange of sodium for calcium and in order to reclaim black 

alkali soils the reversal of this exchange mUst take placo. Bar- 

tholon3ew (1) has shown that as reclamation takes place sodium is 

replaced by calcium on the exchange complex of the soil. Methods 

for determining exchangeable bases in black alkali have been de- 

veloped by Hissink (9), Kelly and Brown (13), Burgess and Breazeale 

(6), Williams (22), and others. Each method has certain advantages 

and disadvantages and in many cases must be modified to fit specific 

conditions. 

MTERI.&L AND 1tETHODS 

Alkali reclamation experiments were centered at Vale, Malheur 

county, Oregon, in the spring of 1921, and are the oldest in the 

northwestern United States, The soil is silt loam and lies near the 

Snake River. It is typical virgin black alkali of the worst kind, 

having an initial reaction of pli 10.5. The base-holding complex of 

the soïl is practically saturated with sodium and holds very little 

if any other bases, Most of the field is underlaid with a nearly 

dry, caloareous, clay hardpan occurring at a depth of 20 to 40 inches. 

The water table fluctuates considerable but generally, since better 

drainage has been provided, it is about 12 feet below the surface 

during the irrigation season. Figure I is a diagram of Plats A to 

L of the Vale experiment field, showing the total treatment each has 

received to 1933. Figure II is a general view of the Vale experiment 

field, showing Plats A to L. 
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Fig. II. General View of Vale Alkali cperiment Field 

From the right, half acre plat5 A, B, C, D, E, 

and F. B and E untreated, nearly bare. 

r I 

Fig. III. Native Alkali Growth Compared with Alfalfa on the 
Land Under Reclamation. 



Deep drainage was provided and the treatments were fallowed in 

for several weeks followed by heavy irrigations. Rye, sweet clover and 

alfalfa were seeded in the fall and became established on the plats re- 

ceiving most favorable treatments. Sweet clover produced a crop on a 

few of the plats the following year. Sweet clover Irns largely been used 

for green manure in preparation for alfalfa. There has been a gradual 

increase in stand and yield of alfalfa on the treated plats from year to 

year until at the present time the yields on some of the best plats 

compare well with production on the good neutral soil in the locality. 

The cheek plats have been drained, irrigated, seeded, and treated cultur- 

ally the same as the treated plats with the exception of chemical treat- 

mente. As yet it has been impossible to secure practically any stands 

or yields on these plats. This substantiates the fact that it is 

impossible to reclaim black alkali sou, with drainage and leaching alone 

within any reasonable time. 

Analyses of soi]. samples from these plats were made periodically 

by Johnston, W. W. 1921 and 1923; Higby, W., 1925 and 1926; Larson, 

H. and Tieh, T., 1927 (21). Black, W. V. (2) made the analyses in 

1928; Bartholomew, O. F., in 1929 (1), and Lewis, R. D., 1930 (21). 

In the fall of 1932 soil samples were taken from plats A to L in- 

clusive and brought into the laboratory. Analyses were made to 

determine the amount and type of exchangeable bases present, the 

amount of soluble alkali salts, and the general condition and fer- 

tility of the soil. cchangeable bases were determined by the Two- 

tube percolation method as developed by Burgess and Breazeale (6) 
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rot use in the presence of alkali salts. Water soluble alkali salt 

determinations were made from a i to 2.5 water extract, which was 

obtained by the use of a Chamberlain-Pasteur filter. Standard volo- 

metric and raviinotric methods were used. The pli was determined by 

the use of a quinhydrone electrode where possible on the better soils, 

and colorimetrically on the other soils. Total nitrogen, water solu- 

ble calcium and phosphorus were determined by official standard 

methods. Organic matter was determined by a modification of the 

"accurate loss on ignition" method proposed by Rather (17). Crop 

yields and soil analyses are used as measures of what has been ac- 

coniplished by reclamation trials thus far. 

EXPERIIENTAL RESULTS 

Anarses 2! piigina1 Virgin Soi]. 

Table I shows the average alkali salt content as reported by 

Johnston and Powers (10) of the original virgin black alkali land 

on which the alkali experiment field at Vale, Oregon, is now 

located, The results are expressed in parts per million of sodium 

carbonate, sodium chloride, and sodium sulfate. The alkali is 

fairly well distributed throughout the first 40 inches of the soi]. 

and while it diminishes at the lower depth considerable is yet to 

be found in the sixth and seventh foot. 
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TABLE I. AUCALI SALTS IN THE VIRGIN SOIL FROM THE 

VALE CPERIMENT FIELD 

Total Carbonates Chlorides Sulfates 

Depth Salts as Ia2 CO3 as NaCÌ as Na2304 

eet p.p.m. p.p.n. p.p.m. p.p.!n. 

0-1 7350 1629 639 4082 

1-2 7700 1563 705 5432 

2-3 5205 1143 513 3549 

3-5 4052 850 418 2784 

5-7 1463 441 243 779 

Table II reports the exchangeable bases found in the original 

virgin soil by Bartholomew (1). These results indicate that the 

base exchange complex of the soil holds very little calcium and 

magnesium and that it is practically saturated with sodium. 

TABLE II. BD(CHANGEABLE BASES IN THE VIRGIN SOIL FROM 

THE VALE PERIMENT FIELD 

Depth Calcium Sodium Magnesium Total Bases 

inches ME:lOO gin. ME:100 gin. ME:100 gin. ME:l00 gin. 

0-5 1.40 22.06 1.00 24.94 

5-20 0.84 29.31 0.7.3 30.94 

Crop Yields Secured 

The soil originally supported only a sparse stand of native 

alkali growth. Figure III shows the native alkali growth compared 

with alfalfa on the land under reclamation. The area on which the 

experiment field is located was drained, cleared, and leveled in 

the spring of 1921 and plats were laid out to compare the effect 

of various treatments of gypsum, sulfur, aluminum sulfato, manure 
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and certain conibinations of these as supp].ornents to deep drainage 

and heavy irrigations to wash out the soluble salts. Rye, sweet 

clover, and alfalfa were seeded the following fall. Table III 

presents the yields secured from 1923 to 1932 inclusive, with the 

exception of 1924 and 1925. Notes were taken on the crop in the 

field these years arid no yield data were collected. There Ms been 

a gradua]. increase in yields on the treated plats up to the present 

time, while the check plats have produced practically no yields. 

At first the crops wore mostly rye and sweet clover. These have 

been used as nurse crops for alfalfa. The stand of alfalfa has 

gradually increased until at the present time some of the better 

treated plats are producing yields of alfalfa comparable with those 

secured on the good neutral soil in the locality. Figure IV shows 

the stand of alfalfa on plat A in 1931. Treatments presented in 

the table represent the total treatment each plat has received up 

to 1933. 

Stand of Cr 

Proni 1927 up to the present time the stand of crop has been 

determined on the Vale alkali plats. Thèse data are presented in 

Table IV. There is a good correlation between the percent stand. 

and crop yields secured. The stand of alfalfa has gradully in- 

creased on the treated plats until now some of the better plats 

have practically a 100% stand. It has been impossible as yet to 

secure practically any stand on the check plats. Figuro V shows 

the stand on plat C in the background as compared with plat B in 
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Fig. V. 

Fig. IV. Alfalfa on Plat A, 1931 

I 

Crop of Alfalfa on Plat C in the background compared 
with Check Plat B in the foreground. 



TABLE III. YIELDS OF HAY SECURED ON ALKALI PERIMENT PLATS, VALE, OREGON 
Pounds per Acre. 

Plat Treatment 1923 1926 1927 1928 1929 1930 1931 1932 

Total to 

A M. 10 T. 6 yrs, 60 T. Green 3 Bu. 

Sulfur 1.5 Tons 202 M. Clover 3300 2160 4580 3720 8180 
Seed 

B Untreated O O 0 0 90 50 0 220 

C M. 8T.Syrs,40T. 
2020 2816 3800 1600 1MO 3420 2020 4600 

Sulfur 1500 lbs. 

D M. 8 T. 5 yrs, 40 T. 
1700 4107 2000 1540 1540 2740 1400 4140 

Gypsum 1500 lbs. 

E Untreated 166 0 50 160 240 70 0 380 

F Green M. 3 T. yr. 
154 1248 4269 1520 1900 2340 2000 2120 

Sulfur 600 lbs. 

G Sulfur, 1.66 Tons 350 3110 3 Bu. 3170 Seed 2780 3200 7940 

Clover Crop 
Seed 

H Sulfur 2.25 T. 
Gypsum 1.25 T. 650 1406 3703 720 1600 2300 2100 6580 

I Untreated 200 0 80 80 540 400 0 400 

J Gypsum, 6.25 Tons 545 2000 720 1040 1400 540 3720 

K Gypsum, 6.8 Tons 555 909 1600 600 960 1600 660 2880 

L Gypsum, 10.2 Tons 810 1260 1800 720 1200 1140 3140 

-J 
CA 
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TABI IV. STA1D OF CROP ON VALE ALKALI EDPERIrbENT PL&TS 

Plat 1927 1928 1929 1930 1931 1932 

per cent per cent per cent per cent per cent per cent 

A 90 90 90 95 90 99 

B 0 0 5 0 1 2 

C 80 60 85 75 85 
E15* 
W95 

D 50 25 65 50 75 
E1O* 
W 100 

E 0 0 10 5 5 5 

F 50 80 95 75 
E20* 
W60 

G 80 95 99 100 95 100 

H 75 75 99 90 95 98 

I O 0 10 10 5 15 

J 50 20 70 50 50 90 

K 40 25 40 40 50 90 

L 75 30 85 85 75 95 

*Stand on East ha1' of plats was injured by spray niaterial 

which was applied to kill white top weed. (Lepidiura draba). 
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the foreground. In 1932 the east half of plats C, D and F were 

infested with "white top" (Lepidiura draba). Spray was applied to 

control this weed which also resulted in practically eliminating 

the stand of alfalfa on parts of the plats as indicated by the table. 

It will be seen, however, that the west half of these plats have a 

good stand which is an indication of the stands the plats would con- 

tain provided they had not been damaged by spray materials. 

Total Alkali Salts 

Table V presents the total amount of alkali salts present in 

the alkali plats as analyzed periodically from 1921 to 1932. Results 

show that in 1921 when the experiment was established many of the 

treated plats contained more alkali salts than the check plats. 

This situation has now been reversed. A great amount of salts have 

been removed from the treated plats and only a slight amount from the 

check plats due to drainage and irrigation. Plat A was originally 

intended to be a manured plat, and it will be noticed that up to 

1923 inclusive it contained more salts than the adjacent check plat 

B. Manure alone did not prove to be a satisfactory treatment so 

in 1924 sulí\ir was applied along with the manure. Since that time 

the plat has improved rapidly and is now one of the best plats. 

The results presented in the table are averages of the 40-inch com- 

posite sample, and the differences are not so marked as in the sur- 

face soils, data for which are presented later. 
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TABLE V. TOTAL SALTS IN VALE ALKALI PLATS TO 40-INCH DEPTH 

Plat 1921 1923 1925 1926 1927 1928 1930 1932 

p.peni. p.p.!n. p.p.n. p.p.m. p.p.m. p.p.ni. p.p.u. p.p.nì. 

A 6404 2187 1176 890 1089 4820 1430 955 

B 5634 1913 1795 837 1372 2548 1649 2328 

C 11484 3993 1848 1662 1509 754 1987 872 

D 7668 4693 2486 4683 1226 1544 2690 1417 

E 6700 2340 1786 2053 1689 3315 2393 4202 

F 9155 3847 1608 4549 1442 926 1441 1593 

G 5387 2823 2265 1205 1200 1035 1645 1576 

II 5711 2343 1661 2107 1412 934 1766 1271 

i 4737 3600 1642 1548 1339 1367 3106 3583 

J 7791 4353 2063 1331 2028 683 2717 2413 

K 9356 4240 3084 1590 2862 1480 2756 2965 

L 6036 6600 2046 921 976 1705 1993 2863 
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Sodium Carbonate Content 

The total alkalinity, expressed in parts per million of sodium 

carbonate for the 40-inch sample as determined periodically from 192]. 

to 1932 inclusive is presented in Table VI. There has been a gradual 

decrease in content of sodium carbonate in all the plats. The de- 

crease has been much s1orer in the check plats than in the treated 

plats and there is a marked difference at the present time. The sur- 

face soils of some of the best plats do not contain any sodium car- 

bonate, most of it being below 20 inches; while in the check plats 

more of the sodium carbonate is in the surface and it decreases with 

depth. These results will be brought out later in the 1932 analyses. 

Reaction 

The initial reaction of the virgin Vale black alkali soil was 

about pH 10.5. This has been reduced considerably as shown by 

Table VII, which presents the pH determinations that have been made 

periodically from 1925 up to the present time. Here again the re- 

sults are for the 40-inch sample and the differences aro not so 

marked as in the surface soils, although a gradual improvement is 

shown throughout the 40 inches. The 1932 determinations by layers 

will be presented. in Table X. 
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TABLE VI. TOTAL ALKALINITY OF TEE VALE ALKALI CPERThTENT 

PlATS TO 40-INCH DEPTH 

pressed In p.p.rn. of sodium carbonate. 

Plat 1921 1923 1925 1926 1927 1928 1930 1932 

A 1110 698 845 360 443 975 273 53 

B 592 625 1727 301 430 1136 737 191 

C 1517 683 1199 1239 624 1178 663 7]. 

n 1591 1752 1066 1066 998 1099 943 123 

E 2072 1034 1368 1333 899 1256 1412 902 

F 1961 1734 893 1364 1005 918 770 176 

G 1591 1415 860 1185 740 657 64 184 

H 705 1343 734 1546 761 652 683 88 

I 1591 1471 1178 1690 505 829 1587 641 

J 1147 1730 984 1137 662 780 1242 439 

K 1924 890 872 1207 1152 665 1189 386 

L 1517 1239 1306 1117 1027 1339 798 336 
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TABLE VII. REACTION VALUES FOR VALE ALKALI EXPERIMENT 
PlATS TO 40-INCH DEPTH 

Plat 1925 1926 1927 1928 1929 1930 1932 

pli pli pH pH pH pH pH 

A 9.6 9.1 8.9 8.9 8.2 8.1 8.1. 

B 9.9 8.3 9.7 9.7 8.8 9.6 8.8 

C 9.9 9.6 9.0 9.3 8.6 8.2 8.4 

D 9.8 10.5 8.7 9.6 8.9 8.6 

E 10.]. 10.1 9.7 9.2 9.6 9.2 

F 9.9 10.1 8.4 9.4 8.5 8.8 8.5 

G 9.4 10.0 8.7 8.9 9.0 8.6 8.6 

H 9.4 10.1 7.8 9.0 8.1 8.2 

I 9.3 10.4 8.9 9.6 9.2 9.0 

J 9.7 9.7 8.6 9.2 8.9 9.2 8.9 

K 9.7 9.8 9.2 10.1 9.]. 8.8 

L 9.6 10.]. 9.0 9.3 9.0 8.7 
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1932 PERTh!ENTAL RESULTS 

Water Soluble Alkali Salts 

Table VIII presents the amounts of carbonates, bicarbonates, 

chlorides, sulfates, and total salta in parts per million for the 

depths of 0-5 inches, 5-20 inches, and. 2O-0 inches. The total 

salts here are taken as the sum of the carbonates, bicarbonates, 

chlorides, and sulfates. It will be noted that in every case there 

is a marked difference between the aniount of salts in the check plats 

and the treated plats. The amount of salts on the treated plats 

increases with depth while on the check plats in most cases the 

largest amount of salts are contained in the surface layer. This 

is explained by the fact that the chemical treatments have floccu- 

lated and improved the soil structure making more permeable to water 

consequently the salts have to be leached from the surface. In the 

check plats the soil is very impermeable and much of the water rims 

off the surface or goes through the soil very slowly. Lack of vege- 

tation on the check plats may be a factor in increasiu surface 

evaporation and surface deposition of salts. In the caso of car- 

bonates some of the better plats do not contain any in the surface 

layer and plats A, C, and H do not contain any in the 5-20 inch 

layer. The carbonates may have been largely converted into bicar- 

bonates by the chemical treatments, although the treated plats are 

much lower than the check plats in bicarbonates. In almost every 

case the chlorides are concentrated in the 5 to 20 inch layer, while 



TABLE VIII. WAFER SOLUBLE SALTS IN VALE ALKALI PlATS 

Sampled Fall, 1932 

Total Treatments Total Carbonates Bicarbonates Chlorides Sulfates 

Plat Depth Reoeived to 1933 Salts (HCO) (C].) (so) 
inches p.p.m. p.p.Yn. p.p.m. p,p.rn. p.p.rn. 

A O-5 Manure 10 T. 836 0 281 72 483 

A 5-20 For 6 yrs. 60 T. 958 trace 427 514 17 

A 20-40 Sulfur 1.5 Tons 1071 90 518 426 37 

B O-5 Untreated 2780 144 927 90 1619 

B 5-20 2510 120 915 1260 215 

B 20-40 1695 60 427 781 427 

C O-5 Manure 8 Tons 553 0 232 36 285 

O 5-20 5 Yrs. 40 Tons 858 0 457 355 46 

C 20-40 Sulfur 1500 lbs. 1207 120 579 461 47 

D O-5 Manure 8 Tons 1111 0 293 72 746 

D 5-20 5 Yrs. 40 Tons 1758 90 732 923 13 

D 20-40 Gypsum 2 Tons 1382 120 671 550 41 

E O-5 Untreated 5962 900 3806 780 476 

E 5-20 3569 360 1250 1597 362 

E 20-40 2076 270 554 834 118 

F O-5 Green M. 3 T. Yr. 1522 trace 366 780 476 

F 5-20 Sulfur 600 lbs. 1385 60 549 745 3]. 

F 20-40 1874 240 854 763 17 



TABLE VIII. (cONTINuED) 

Plat Depth 
Total Treatments 
Received to 1933 

Total 
Salts 

Carbonates 
(Co3) 

Bicarbonates 
(H003) 

Chlorides 
(cl) 

Sulfates 
(so4) 

inches - p.p.m. p.p.ni. p.p.rn. p.p.rn. p.p.ni 
G 0-5 Sulfur 1503 12 415 607 469 
G 5-20 1.66 Tons 1420 90 579 727 24 
G 20-40 1804 210 732 816 46 

H 0-5 Sulfur 2.25 Tons 1325 0 219 696 410 
H 5-20 Gypsum 6.25 Tons 1161 trace 457 692 12 
H 20-40 1327 150 610 550 17 

I O-5 Untreated 2070 96 634 589 483 
I 5-20 4355 270 1433 1792 860 
I 20-40 4323 720 1372 1508 723 

J 0-5 Gypsum 1912 84 488 807 533 
J 5-20 6.25 Tons 2814 300 1128 1366 20 
J 20-40 2514 360 1128 958 68 

K 0-5 Gypsum 1967 84 512 786 585 
K 5-20 6.8 Tons 3698 120 915 1295 1368 
K 20-40 3230 450 854 1029 897 

L 0-5 Gypsum 2048 60 476 696 876 
L 5-20 10.2 Tons 3090 180 1098 1295 517 
L 20-40 3450 330 854 940 1326 
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iost of the sulfates are in the surface 5 inches. The differences 

in concentration of these salts in the various layers áre attributed 

to differences in solubility. The results clearly indicate that 

plats A, C, F, G, and H are the niore nearly reclaimed plats when the 

alkali salt content is taken as a measure of the progress made in 

reo lamat ion. 

chaneable Bases 

The type of base held by the base exchan,e complex is considered 

as one of the most important indicators of the extent to which recia- 

ination has taken place. Table IX presents the exchange calcium and 

sodium in mulli-equivalents per 100 grams of soil and also the per- 

cent of calcium and sodium held by the exchange complex of the soil. 

The determinations were made according to the "two-tube percolation 

method" developed by Burgess and Breazeale (6). The solubility of 

calcium carbonate was corrected for by leaching the soil with a second 

liter of the replacing reagent after all the bases had been removed 

in the first liter. The calcium content of the second liter was 

determined and deducted from the exchange calcium. The necessary 

corrections for water soluble salts were also made. The soil con- 

tains negligible amounts of exchange potassium and magnesium. EX 

change calcium is taken to represent calcium and magnesium combined. 

As the soil is practically saturated and contains no other bases 

except calcium and sodium the sum of these is taken to represent its 

base exchange capacity. 



TABLE IX. EXCHANGEABLE BASES IN VALE ALKALI EXPERThNT PLATS 

Sanp1ed Fall, 1932 

Base Exchange Ca part of Na part of 
Plat Depth Capacity Exchange Ca* Exchange Na Exchange Capacity Exchange Capacity 

inches M.E. loo gin. M.E. 100 gin. M.E. 100 gin, per cent per cent 

A 0-5 19.03 13.32 5.71 70.0 30.0 
A 5-20 21.85 12.46 9.39 57.1 42.9 
A 20-40 26.15 13.07 13.08 50.0 50.0 

B 0-5 22.62 4.36 18.26 14.9 85.1 
B 5-20 29.30 5.31 23.99 18.1 81.9 
B 20-40 30.18 11.84 18.34 39.2 60.8 

C 0-5 19.74 12.90 6.84 65.5 34.5 
C 5-20 22.72 13.84 8.88 60.9 39.1 
C 20-40 26.45 11.03 15.42 41.7 58.3 

D 0-5 20.04 11.30 8.74 56.3 43.7 
D 5-20 24.32 5.58 18.74 23.4 76.6 
D 20-40 27.60 6.13 21.47 22.2 77.8 

E 0-5 21.40 3.14 18.26 14.6 85.4 
E 5-20 25.72 1.92 23.80 7.5 92.5 
E 20-40 30.42 7.02 23.40 23.0 77.0 

F 0-5 21.04 11.35 9.69 53.4 46.6 
F 5-20 25.58 9.67 15.91 37.8 62.2 
F 20-40 28.66 8.57 20.09 29.8 70.2 

*Coinbined Ca and Mg, mostly Ca. 



TABLE IX. (CoNTINUED) 

Base Exchange Ca part of Na part of 
Plat Depth Capacity Ecchange Ca* Exehane Na Ecc1mnge Capae1tj Ebccbange Capacity - 

inches M.E. 100 gm. M.E. loo gin. M.E. 100 gm. per per cent 

G O-5 21.41 11.31 10.10 52.'3 47.2 
G 5-20 26.27 9.30 16.97 35.4 64.6 
G 20-40 29.53 6.54 22.99 22.]. 77.9 

H O-5 20.16 14.54 5.62 72.2 27.8 
H 5-20 30.29 14.99 15.30 49.4 50.6 
H 20-40 29.33 11.02 18.31 37.9 62.1 

I O-5 20.25 6.88 13.37 33,9 66.1 
I 5-20 32.78 1.96 30.82 6.0 94.0 
I 20-40 28.34 1.64 26.70 5.8 94,2 

J 0-5 21.05 10.13 10.92 48.1 51.9 
J 5-20 32.26 5.58 26.68 17.3 82.7 
J 20-40 32.49 4.09 28.40 12.2 87.8 

K 0-5 23.51 12.19 11,32 51.8 48.2 
K 5-20 33.20 2.40 30.80 7.2 92.8 
K 20-40 33.37 1.99 31.38 5.9 94.1 

L 0-5 22.68 12.58 10.10 55.4 44.6 
L 5-20 32.16 3.23 28.93 10.4 89.6 
L 20-40 31.88 2.87 29.01 9.0 91.0 

*Combìned Ca and Mg, mostly Ca. 
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Al]. the soils have a high base exchange capacity which is 

fairly uniform and increases with depth on all the plats. The ex 

change capacity of the treated plats is due mostly to calcium while 

on the check plats it is due mostly to sodium held on the exchange 

complex of the soil. It will be noted that the treated plats are 

high in exchange calcium and low in exchange sodium while in the 

check plats this situation is just reversed. 

Exchange calcium is fairly well distributed throughout the 40- 

inch layer, although, it decreases slightly with depth in the treatìd 

plats and increases with depth in the cheek plats. This i explained 

by the fact that the chemical treatments have largely converted the 

alkali salts into calcium compounds on the treated plats especially 

in the surface layer, while in the case of the check plats no such 

reaction has taken place. Li every case exchange sodium increases 

with depth duo to the fact that it has been more or less rerioved 

from the surface by leaohin and conversion into calcium compounds. 

In determining the relation between the percent of calcium and 

sodium held by exchange complex of the soil, the base exchange capaci- 

ty was taken to represent 100 percent and the percent of calcium in 

relation to the percent of sodium -as determined on this basis. The 

results obtained present clearly what has taken place. The treated 

plats hold a high percentage of calcium on the complex, while the 

check plats hold. a high percentage of sodium. 

Here again it will be noticed that the plats receiving sulfur 

or sulfur and manure are the better plats if the amount of exchange 
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calciuni in comparison with the amount of exchange sodium is taken 

as a measure of the extent that reclamation has taken place. The 

big problem in reclaiming black alkali lanci is to replace the sodium 

of the base exchange complex with calcium compounds. 

General Soli. Anales 

Table X presents pH, total nitrogen, organic matter, water 

soluble phosphate and water soluble calcium as determined on plats 

A to L inclusive. The results are presented for the respective 

layers, O-5 inches, 5-20 inches, and 20-40 inches. It will be 

noticed that the pH of the surface soil on some of the better plats 

is approaching neutrality. There is a distinct increase in pH with 

depth, also a marked difference in the treated plats and the check 

plats. The reaction on the more favorable treated plats is now well 

within the growth range of alfalfa. The plats are all low in total 

nitrogen but the results show evidence of a build-up on the treated 

plats. In the case of organic matter the plats receiving manure show 

a distinct increase over the other plats, and all the treated plats 

show a build-up compared with the check plats. This is due to the 

fact that the treated plats will grow crops which result in a return 

of some crop residues to the soil. All the plats contain a large 

amount of water soluble phosphorus, so presumably this is not a 

limiting factor. In the case of phosphorus, the check plats and 

the poorer treated plats contain more than the better plats. This 

is explained by the fact that phosphorus may be present in the form 



TABLE X. SOIL ANALYSES, VALE ALKALI PERIMENT PLXFS 
Saxnpled Fall, 1932 

Organic Water Sol- Water Sol- 

Plat Depth Reaction Total N Matter uble PO4 ub].e Ca 

inches pH percent percent p.p.ìn. M.E.:100 gm. 

A O-5 7.8 .0728 2.35 2.8 .1375 

A 5-20 8.0 .0336 1.00 7.1 .282 

A 20-40 8.7 .0280 0.80 1.8 .062 

B O-5 8.8 .0532 1.33 3.9 .125 

B 5-20 9.3 .0280 1.00 6.4 .099 

B 20-40 8.4 .0336 1.00 1.1 .075 

C O-5 7.8 .0616 2.7b 1.4 .150 

C 5-20 8.2 .0308 .87 4.6 .116 

C 20-40 9.2 .0280 1.00 2.6 .062 

D 0-5 7.9 .0692 1.81 1.5 .125 

D 5-20 8.8 .0280 1.04 7.8 .232 

D 20-40 9.2 .0260 0.92 3.0 .062 

E 0-5 9.2 .0392 1.49 5.7 125 
E 5-20 9.5 .0224 1.00 9.0 .216 

E 20-40 8.9 .0308 1.00 4.0 .125 

F 0-5 8.0 .0692 1.75 1.8 .075 

F 5-20 8.6 .0392 1.10 5.7 .216 

F 20-40 8.9 .0270 1.10 4.2 .075 

G 0-5 8.0 .0560 1.70 1.7 .112 

J &J Q Q J 'J CYZÖ 
'JU 

i Z 
J. J V 

A 
J 

G 20-40 9.1 .0280 0.95 2.2 .062 

H 0-5 7.6 .061b 1.59 1.0 .137 

H 5-20 8.3 .0364 1.10 3,5 .282 

H 20-40 8.8 .0290 0.93 1.5 .087 

i 0-5 8.6 .0532 1.30 6.1 .050 

I 5-20 9.2 .0280 0.60 12.0 .166 

I 20-40 9.2 .0252 O..5 13.1 .075 

J 0-5 8.4 .0644 1.88 2.6 .062 

J 5-20 9.0 .0364 0.96 6.7 .232 

J 20-40 9.2 .0260 0.80 4.0 .062 

K 0-5 8.2 .0700 1.66 3.9 .050 

K 5-20 9.0 .0308 0.76 9.3 .149 

K 20-40 9.2 .0250 0.74 5.2 .125 

L 0-5 8.1 .0728 1.62 3.0 .062 

L 5-20 9.0 .0364 0.70 9.9 .133 

L 20-40 9.1 .0280 0.70 6.1 .062 
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of sodium phosphate and also by the fact that on the better plats 

the crops may have removed some phosphorus from the soil. 

All the plats are low in water soluble calcium and there is 

no appreciable difference in the amount contained by the treated 

and check plats. It is interesting to note that in almost every 

case the largest amount of water soluble calcium is contained in 

the 5-20 inch layer. 

DISCUSSION 

In general the results obtained with the reclamation studies 

reported in this paper have been very satisfactory and clearly in- 

dicate that black alkali soils are reclaimable. The most poorly 

treated plat is considerably better than the best check plat. This 

fact indicates clearly the value of the chemical treatments, and that 

without them reclamation would be practically impossible. 

The fact that soil alkalinity is related to the exchange bases 

of the soil and that alkali soils are formed by the substitution of 

sodium for calcium on the colloidal complex, nakes the base exchange 

reactions in alkali soils of primary importance. Ythenever the exchange 

complex contains definitely more sodium than calcium the soil will be 

unsuited for crops. The problem therefore is to replace the sodium 

on the exchange complex with calcium, which results in the restoration 

of a favorable soil structure. The base exchange analyses presented 

clearly indicate that this has been largely accomplished. The treated 

plats in every case show from two to four times more calcium on the 

exchange complex than the check plats, while the check plats contain 
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considerable more sodium than calcium. From the yield data presented 

it can be seen that there is a good correlation between the amount of 

exchange calcium in the soil and the crop yield secured. Th1 would 

be expected from the fact that as the amount of calcium in the soil 

increases the pFrsioal condition improves. 

All the other analytical resul;s obtained show a marked improve- 

ment of the treated plats over the checks. A considerable number of 

the treated plats do not contain any carbonates in the first five 

inches, and a few of the most favorable plats do not contain any in 

the first twenty inches. The treated plats also show build-up in 

organic matter, total nitrogen, and a 108$ lfl a].l undesirable alkali 

salts. The crop yields obtained and field conditions substantiate the 

analytioal results. Bearing the fact in mind that the check plats 

are treated the same as the treated plats in every case with the 

exception of the chemical treatments, it is concluded (1) that 

black alkali soils cannot be rclaimsd in any reasonable length of 

time by irrigation and drainage alone, although irrigation and 

drainage of a cleared pasture plat on the Vale experiment field has 

decreased the total alkali salt content about 20 per cent as compared 

with the uncleared pasture lands (2) that black alkali soils can be 

reclaimed by the use of various chemicals as supplements to irrigation 

and drainage. 

Crop yields and soil analyses indicate that plats A, C, F, G, 

and H are the better plats. It will be noticed that in every case 

these are the plats r.øáivin sultur either alone or in combination 
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with manure, green manure, or gypsun. These results Indicate that 

sulfur is the niost effective sin1e treatment in the reclamation of 

black alkali. soils. Manure alone in moderate auounts Is not effec- 

tive in aiding reo].aination, but sulfur and manure in corab5.nation are 

very effeotie as Indicated by plats A and C, which are two of the 

best plats. A five hundred pound application of sulfur per acre is 

effective when used. in combination with manure. If sulfur is used 

alone at least fifteen hundred pounds or more will be required in 

improving this soil. Gypswii and sulfur in combination give better 

returns than either alone as indicated by plat H which is one of the 

best plats. Gypsum to be effective must be applied in very heavy 

amounts. It is bulky and of limited solubility and even when applied 

in heavy amounts it lacks the solubility effect, reactivity, and the 

neutralizing value of the sulfur treatment. 

%Then sulfur is applied to the soil it undergoes oxidation. The 

oxidation product reacts with water to form sulfuric acid. Sulfuric 

acid thus formed reacts with soluble sodium carbonate, exchange sodium 

and calcium carbonate if present. The ultimate result is the neutra- 

lization of alkaline conditions by converting the soluble carbonate 

into sulfate and. bicarbonate and the sodium-clay into calcium-clay. 

It is very important that calcium carbonato be present and fortunately 

most alkali soils in the United States contain good supplies of this 

substance. 

Gypsum acts promptly when applied to the soils and converts the 

sodium carbonate into sodium sulfate and calcium carbonate and the 
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sodium exchange oompounds into calcium compounds. Sodium in alkali 

soil reacts with water to form sodium hydroxide and this in turn causes 

the soil to become highly dispersed. The ultimate effect of any 

chemical treatrnent in order to be effective in reclamation must there- 

for be the conversion of the sodium carbonate into bicarbonates, sul- 

fates, etc. which do not hydrolyze and do not cause the soil to become 

dispersed. When this is accomplished the soil improves in physical 

condition and the alkali salts can be leached out. 

There has been some controversy as to what the limiting factor 

of plant growth is in black alkali soils. It is well known that the 

sodium in black alkali soils unites with water and forms sodium 

hydroxide. The fact that this is caustic and dissolves organic 

materials makes it a limiting factor. Another limiting factor would 

be the very poor physical condition of the soil. The high reaction 

may also bring toxic substances into solution. It seems that the 

lack of plant growth on black alkali soils is not due to any single 

factor but to a combination of undesirable factors. 

Deep drainage and a plentiful supply of irrigation water of good 

quality are very essential in reclaiming black alkali soils. Supple- 

mental chemical treatments are necessary to restore the soil structure 

so that the salts can be removed, All three are necessary and one 

missing will limit the extent to which reclamation can be accomplished. 

At Vale the fact that the irrigation water is of only fair quality in 

late season has tended to slow up reclamation. Wind may also retard 

reclamation by bringing in salts. It is a good plan to get some 
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resistant pasture plants growing on the sol]. as soon as possible as 

this reduces surface evaporation, removes moisture from the root zone, 

shades the soil, adds organic matter, and gives some returns while 

reclamation is in progress. 

Under present economic conditions it costs, perhaps, about all 

it is worth to reclaim hard virgin black alkali soil and it does not 

seem advisable to attempt to reclaim large tracts of virgin grease- 

wood land. Nevertheless, the reclamation investigations carried on 

at Vale have shown that it is possible to reclaim hard virgin black 

alkali soil and that it should pay to reclaim small areas on good 

farms as this increases the appearance and value of the farm. It 

also pays to reclaim "half-bad" areas of alkali land. 

CONCLUSIONS 

1. The progress made in reclamation of hard virgin black alkali 

soil, and its restoration toward a normal fertile state as determined 

by crop yields and soi]. analyses, is reported for the oldest alkali 

ecperiment field in the northwest. 

2. SUlfur, gypsUm, and manure are used in various combinations 

and amounts as supplements to deep drainage and copious irrigation. 

Rye, sweet clover, and alfalfa are repeatedly seeded until a good 

stand of alfalfa is established. 

3. The check plats are treated identically as are the treated 

plats in every case with the exception of chemical treatments. As 

yet not much improvement has been noticed in the check plats which 
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indicates that black alkali soils cannot be reclaimed by irrigation 

and drainage alone in any reasonable length of time. 

4. The check plats contain about four times as rnuci alkali 

salts as the treated plats. The reaction has been reduced to abait 

pff 7.6 on soins of the more favorably treated plats while it is still 

on the order of pli 9.0 on the cheek plats. 

5. Soil alkalinity is associated closely with the base exchange 

complex of the soil, being formed by sodium replacing the calcium on 

the complex. Reclamation involves a reversal of this reaction. This 

is accelerated by chemical treatments. Base exchange studies reported 

show that the complex on the treated plats contains mainly calcium 

and very little sodium while on the chock plats this situation is 

just reversed. There is a good correlation between the crop yields 

secured and the amount of calcium on the exchange complex of the soil. 

6. Sulfur has proved to be the most effective and economical 

single chemical treatment if used in sufficient amounts. Sulfur and 

gypsum used in combination are more effective than either used alone. 

7. Manure alone is rather ineffective, but 500 to 1500 pounds 

of sulfur per acre used in combination with manure is very effective. 

One thousand pounds of sulfur per acre used with manure would perhaps 

give the most economical returns per unit invested. 

8. Gypsum even when used in very large amounts has been less 

effective than sulfur. 

9. Some of the better treated plats have given yields which 

compare well with those secured on the good neutral soil of the 
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locality. The treated plats in general are giving fair yields, while 

as yet it has been practically impossible to got a stand on the check 

plats. 

10. The results obtained clearly indicate that reclamation of 

virgin black alkali soil is possible by the use of chemical treatments 

together with drainage and. irrigation. 



LITERATURE CITED 

1. Bartholomew, 0. F. Chemical Changes Resulting from the Applica- 

1930 tion of Sulfur and Sulfates on Alkali Soi].s. 

Unpublished Thesis, Soils Department, O.S.A.C. 

2. Black, W. V. The Removal of Soluble Salts from Virgin Black 

1929 Alkali Soils. Unpublished Thesis, Soils 
Department, O.S.A.C. 

3. Breazeale, J. F. A Study of the Toxicity of Salines that Occur 
1927 in Black Alkali Soils. University of Arizona 

Tech. Bui. 14. 

4. Breazea].e, J. F. & The Reaction Between Calcium Sulphate and 

Burgess, P. 5. Sodium Carbonate and its Relation to the 

1926 Reclamation of Black Alkali Lands. University 

of Arizona Tech. Bui. 6. 

5. Breazeale, J. F. & Nutritional Disorders in Alkaline Soils as 

MoGeorge, W. L. Caused by Deficiency of Carbon Dioxide. 

1932 University of Arizona Tech. Bui. 41 

6. Burgess, P. 8. & Methods for Determining Replaceable Bases of 

Breazeale, J. F. Soils, either in the presence or absence of 

1926 alkali salts. University of Ariz. Tech. Bul.9 

7. Catlin, C. N. & 
Vinson, A. E. 

1925 

8. Greaves, J. E. 

1927 

Treatment of Black Alkali with Gypsum. 
University of Arizona Bui. 102. 

The Microfiora and Productivity of Leached 
and Non-Leached Alkali Soils. Soil Sci. 

23:271. 

9. Hissink, A. J. Report on Soil Adsorption. 
1927 Proc. ist lut. Soi]. Congress. 

lo. Johnston, W. W. & A Progress Report of Alkali Land Reclamation 

Powers, W. L. Investigations in Eastern Oregon. 

1924 Oregon Station Bui. 210. 

il. Joseph, A. F. & The Properties of Heavy Alkaline Soils Con- 

Oakley taming Different Exchangeable Bases. 
1929 Jr. Agr. Sci. 19:Part 1. 

12. Kelley, W. P. & The Chemical Effect of Gypsum, Sulfur, Iron 

Arany, A. Sulfate, and Aluni on Alkali Soil. 

1928 Hilgardia Vol. 3, No. 14. 



13. Keiley, W. P. & 

Brown, S. M. 

1924 

14. Kelley, W. P. & 
Thomas, E. E. 

1928 

15. McGeorge, W. L. & 

Breazeale, J. F. & 
Burgess, P. 5. 

1926 

16. Powers, W. L. 

1932 

17. Rather, J. B. 

1917 

Replaceable Bases in Soils. 
University of California Tech. Paper 15. 

Reclamation of the Fresno Type of Black 
Alkali Soil. University of California 
Bui. 455. 

Aluminum Rydroxide in Alkaline Soils and 
its Effect upon Permeability. University 

of Arizona Tech. Bui. 12. 

The Removal of Soluble Salts from Virgin 
Black Alkali Soil. Proc. & Papers 2nd. mt. 
Cong. Soil Sci. 5:355. 

An Accurate Loss on Ignition Method for De- 
termination of Organic Matter in Soils. 
University of Arkansas Bui. 140. 

18, Samuels, C. D. The Oxidation of Sulfur in Alkali Soil and 

1927 its Effect on the Replaceable Bases. 
Hilgardia Vol. 3, No. 1. 

19. Scofield, C. S. The Movement of Water in Irrigated Soils. 

1924 Jr. Ag. Res. 27:617. 

20. Scofield, C. S. & Quality of Irrigation Water in Rleation to 
Hoadly, F. B. Ind Reclamation. 

1921 Jr. Ag. Res. 21:265. 

21. Unpublished. data, Soils Department, Oregon Agricultural Experiment 
Station. 

22. Williams, Rice The Contribution of Clay and Organic Matter 
1932 to the Base Exchange Capacity of Soils. 

Jr. Agr. Sci. 22:845. 


