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EFFECT OF SOIL AND PEAT ADMIXTURES ON THE
GROWTH OF PLANTS IN QUARTZ SAND»
By PHILIP L. GILE, senior chemist, Division of Soil and Fertilizer Investigations y
and IRVIN C. FI^USTEL, formerly associate chemisty^ Division of Soil Chemistry
and PhysicSy Bureau of Plant Industry y Agricultural Research Administrationy
Jjnited States Department of Agriculture
INTRODUCTION

In a previous publication {3Y it was shown that millet {Setaria
itálica (L.) Beauv.) does not grow so well in pure quartz sand as in
quartz sand to which a little soil is added. Experiments indicated
that the beneficial effect of the soil admixture is not due to supplying
a trace element, to counteracting an injurious impurity in the sand,
to modifying the texture of the sand, or to reducing a total salt injury.
It was suggested that the beneficial effect of the soil is due to its
buffer capacity and also to its capacity for supplying available iron.
It seemed that the soil admixture should tend to prevent an injurious
degree of acidity from developing in the layer immediately contiguous
to the roots when the nutrient salts are such that the plant absorbs
more cation than anion equivalents. In case the nutrient salts are
such that the plant absorbs more anion than cation equivalents, and
an alkaline reaction develops, the soil material should reduce the
alkalinity and supply available iron.
Since no attempt was made to determine the hydrogen-ion concentration in the water film immediately contiguous to the root, this
explanation was not based on data directly determined. The idea
was suggested by the results obtained when plants were grown in
pure sand with mixtures of salts containing various proportions of
nitrate and ammonium salts. As the proportion of ammonium in the
fertilizer was increased, the acidity increased, and the yields declined
in pure quartz sand but not in the sand-soil mixtures. When all the
nitrogen was supplied as nitrate, an alkaline reaction developed in
quartz sand, and the plants became chlorotic, owing to a reduced
absorption of iron.
Hydrogen-ion determinations made at the end of the growth period
on samples representative of all the material in the pot did not always
support the conclusion that the soil addition acts beneficially by
creating a more favorable hydrogen-ion concentration; since some
sand-soil mixtures were more acid than the pure sand cultures. However, it was pointed out that determinations of this character probably
do not show the hydrogen-ion concentrations of the absorption films.
Since the acidity or alkalinity is developed in the films by the nonequivalent absorption of cations and anions, there should be periods
when the hydrogen-ion concentration in the films should be much
higher or lower than that obtaining in the medium as a whole.
1 Received for publication August 6,1942.
2 Now senior chemist, Western Regional Research Laboratory, Bureau of Agricultural Chemistry and
Engineering, Agricultural Research Ad rinistration, U. S. Department of Agriculture.
3 Italic numbers in parentheses refer to Literature Cited, p. 64.
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Since the foregoing explanation was suggested, additional sandculture experiments have been conducted that throw some light on the
beneficial effect of soil admixtures. These experiments are described
here.
METHODS
Details regarding the pot experiments were as follows, except as
otherwise noted. Glazed earthenware crocks without drainage holes
were used as containers. They were of 1-gallon capacity and held
approximately 5,000 gm. of quartz sand or sand-soil mxture. Ten
millet, or six or seven wheat (Triticum aestivum L.), plants were grown
per pot for periods that ranged from 25 to 50 days, according to the
season. When the millet plants were cut they were in the joint stage
or the heads were about to appear. The water content of the sand
or sand-soil mixture, determined by weighing, was maintained at
15 percent by the addition of distilled water. The quantity of soil
mixed with the sand varied with the colloid content of the soil. Unless
specified otherwise, the soil addition was sufficient to supply 50 gm.
of colloidal material per pot. The different mixtures of nutrient salts
used in the following experiments are shown in table 1. Most data
on the effect of soil admixtures were obtained with the standard
mixture, No. 3. Nutrient salts, dissolved in 750 cc. of water to
bring the sand to a 15-percent water content, were added just before
planting. The quartz sand used in the experiments was made up
chiefly of particles 1.0 to 0.5 mm. in diameter.
TABLE

1.—Mixtures of nutrient salts used in sand cultures
Amount of salt applied per pot in mixture No.—

Salt used in nutrient mixture

Gram
Potassium nitrate, KNO3
Ammonium sulfate, (NH4)2S04
Ammonium nitrate, NH4NO3
Calcium nitrate, Ca(N03)2.4H20
Potassium sulfate, K2g04
Potassium chloride, KCl :
Magnesium sulfate, MgS04-7H20
Magnesium chloride, MgC I2.6H2O
Monocalciimi phosphate, Ca (H2P04)2.H20_
Dipotassium phosphate, K2HPO4
Monopotassium phosphate, KH2PO4
Sodium chloride, NaCl
Ferric tartrate, Fe2(C4H406)3.H20
Manganese sulfate, MnS04.2H20_Boric acid, H3BO3
Zinc chloride, ZnCl2Copper sulfate, CUSO4.5H2O

o.m"
.685

Gram
0.57

Gram
0.93
.20

"."82"

.42
.36

.05
.0185
.0015
.003
.00013
.00047

Gram
0.93
.33

.05
. 0185
.0015
.003
.00013
.00047

.45

.42
.36

.36

.05
.0185
.0015
.003
.00013
.00047

.05
.0185
.0015
.003
.00013
.00047

Gram
0.499
1.103
.45
.25
.19
.05
.0185
.0015
.003
.00013
.00047

COMPARATIVE YIELDS OF MILLET IN QUARTZ SAND AND IN A
SAND-PEAT MIXTURE, AS INFLUENCED BY THE HYDROGEN-ION
CONCENTRATION OF THE PEAT

According to the ideas advanced, addition of soil to a quartz sand
culture improves growth only through reducing the hydrogen-ion
concentration where the nutrient salts are such that acidity is developed. If this is correct, sand-soil mixtures containing nearly neutral
soils should exceed the yields of pure sand cultures by greater amounts
than sand-soil mixtures containing acid soils of low buffer capacity.
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This was true for the most part, although the correlation between the
hydrogen-ion concentration of a soil and the magnitude of the increase
it produced was by no means close. Probably there would have been
a closer correlation if the data for different soils had been obtained in a
single experiment instead of in many different experiments, since it
was observed that the beneficial effect of a single soil varied considerably in different experiments, owing presumably to different conditions
of light, temperature, and humidity.
The following experiment shows that the beneficial effect of the soil
admixture may be influenced markedly by the hydrogen-ion concentration of the material. The experiment was conducted with peat,
but previous work has shown that peat has the same growth-promoting
effect as soil when added to sand cultures. In this experiment the
effect of an unlimed moss peat of pH 3.5 was compared with the effects
of three lots of the same peat limed some months previously to pH
values of 5.0, 5.9, and 6.6. The quantities of calcium hydroxide
required to produce these hydrogen-ion concentrations were, respectively, 2.9, 4.3, and 5.3 percent of the weight of peat. Before the
peats were mixed with the sand they were ground to pass through a
K-mm. sieve. The nutrient salts applied to the pure sand and the
sand-peat mixtures were the standard fertilizer mixture, No. 3 of
table 1, used in previous experiments. Millet was grown from April 19
to May 13.
It is evident from the data in table 2 that the effect of peat on growth
in sand cultures varied with the degree to which the culture had been
neutralized, at least to a limit of about pH 6. If no determinations
had been made of the hydrogen-ion concentrations of the cultures
before and after growth, it would have seemed obvious that the effect
of peat on growth in sand cultures lies in its effect on the hydrogen-ion
concentration of the medium. However, the fact that the pure sand
cultures before and after growth had the same pH values as the superior
culture containing the peat of pH 5.9 seems to indicate that the beneficial effect of the peat does not lie in modifying the hydrogen-ion concentration of the medium.
TABLE

2.—Effects of peats having different hydrogen-ion concentrations on the yield
of millet in quartz sand

Peat mixed with the sand
Air-dry yield of individual pots
Amount (grams)

0
5
10
20 -40
5
10
20 40
5
10
20
40
5
10
20
40

-

-

¿i_

pH

3.6
3.5
3.6
3.5
6.0
5.0
6.0
5.0
5.9
6.9
5.9
5.9
6.6
6.6
6.6
6.6

Grams
5.12
2.50
2.28
1.35
.46
5.78
5.43
5.82
5.79
6.50
6.98
7.48
6.73
6.00
6.34
6.79
6.93

Grams
4.06
2.80
3.27
1.13
.68
5.62
6.82
5.87
6.56
6.58
6.52
6.79
6.32
6.10
6.83
6.70
7.00

Grams
4.42
4.44
1.58
1.32
.48
5.16
6.15
5.84
6.29
6.73
6.60
6.86
6.92
6.88
5.88
7.23
6.98

Grams
4.07
3.70
1.80
.96
.73
6.23
6.76
6.79
5.47
6.65
7.02
7.17
7.23
5.70
6.99
7.34
6.21

Hydrogen-ion conAverage centration of medium
air-dry
yield per At start At end
pot
of experi- of experiment
ment
Grams
4.42
3.36
2.23
1.19
.69
6.70
6.79
5.83
6.63
6.62
6.78
7.07
6.80
6.17
6.26
7.02
6.78

pH
6.
6.
4.
4.
4.
6.
6.
5.
6.

pH

6.6
4.4
4.4
6.0
6.0
5.4
5.7
5.4

.6.1
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Similaily contradictory evidence regarding the hydrogen-ion concentration as a factor in the increased growth produced by soil admixtures was obtained in previous work (3) with some of the 60 different
soils used. This contradiction is disposed of in the explanation outlined in the introduction, on the grounds that the pH values determined at the end of an experiment indicate only the net acidity developed and do not show the acidity or alkalinity obtaining at different
times in films contiguous to the roots.
Direct confirmation of "the idea that the sand near the roots is
different in reaction from the sand in the whole pot was obtained in
the experiment with wheat. (See table 9.) After the sand in the
whole pot had been sampled, the roots were removed and colorimetric
determinations were made of the sand that adhered closely to the roots.
This was done by dropping the indicator on a mass of roots and adhering sand. The results are shown in table 3.
TABLE

3.—Hydrogen-ion concentration of all the sand in a pot and of sand adhering
to wheat roots
Nutrient salt mixture

No.

1
2
3
4
5

Form of nitrogen
present

AllasNH4
^^asNH4
i.^asNH4.
^éasNHí
AllasNOs

-.

Hydrogen-ion concentration
of—
All the
Sand adhering to
sand in a differentlots
of roots
pot
pH
4.4
4.7
5.2
6.8
8.6

pll
4.2,4.0
4.0,5.0,4.2,4.7
6.4, 7.6,8.4,7.8
7.5,8.8
9.0,9.2,8.6

It will be seen that the sand near the roots was in most instances
considerably more acid or alkaline than the average sample of the
whole pot. Presumably, the microscopic film immediately contiguous to the roots differs from the average sample still more widely
in reaction.
The hydrogen-ion determinations made on samples from pots receiving the No. 3 salt mixture are of especial interest. Evidently,
here the plants had absorbed most of the ammonia and at the time
of examination were drawing more heavily on the nitrates, so that the
acidity previously developed was being reduced. Subsequent experiments with wheat and millet indicated that this was the case. A
number of pots containing quartz sand and the No. 3 or No. 2 mixture of salts were planted at the same time and harvested at intervals
for hydrogen-ion determinations of all the sand in the pot and of sand
adhering to roots of the plants. Wheat was grown from December
16 to January 26 and millet from January 26 to March 2. The
results are given in table 4.
Column 6 of table 4 gives the pH value for only the greater part of
the sand adhering to the roots in a pot. Frequently the sand adhering to individual roots and to certain parts of the same root was
Yi to 1 pH unit more acid or alkaline than this ''majority^^ value.
Unplanted pots had the same hydrogen-ion concentration at the end
of the experiment as at the start.

Jan. 16,1943
TABLE

4.—Hydrogen-ion concentrations developed
stages of growth

Form of nitrogen present in
salt mixtures

Crop

wheat and millet at different

Age of
plant

Days
Wheat

..

].i as NH4; % as NO3
\

Millet

^^ as NH4; ?á as NO3
^
I

Do
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}rû as NH4; y2 as NO3

I

6
21
27
34
41
11
16
21
24
28
32
35
11
16
21
24
28
32

35

Hydrogen-ion concentration of—
Air-dry
weight of
plants per
Most sand
All the sand adhering
pot
to
in a pot
roots
Grams
0.84
.87
2.19
3.35
.04
.12
.47
.67.
1.61
3.13
5.80
.03
.10
.36
.59
1.23
2.25
4.31

pH

pH
6.5
6.5
6.8
6.9
7.0
6.9
6.7
6.4
6.2
6.3
6.5
6.3
6.9
6.7
6.4
6.2
5.9
4.8
4.8

4.8
6.3
7.5
7.2
7.6
4.2
3.9
4.6
5.9
6.4
6.2
6.1
4.2
3.9
4.6
4.8
4.6
4.8
4.8

From the data in tables 3 and 4 it is concluded (1) that the sand
close to the roots may have a hydrogen-ion concentration quite
different from that of the whole mass of sand; (2) that the final
hydrogen-ion concentration varies with the proportion of nitrate
nitrogen to ammonium nitrogen; (3) that when certain proportions
of ammonium and nitrate are supplied the hydrogen-ion concentration of the sand, especially that near the roots, varies with the growth
of the plant, sometimes shifting from acid to alkaline.
These conclusions are supported by some previous work. Solberg
(8) found that in quartz sand cultures the sand near the roots was
about one-half of a pH unit more acid than sand between roots when
nitrogeii was supplied as ammonium and one-half of a pH unit more
alkaline when nitrogen was supplied as nitrate. These differences
are less than those recorded for millet in table 4, but the samples
compared are not the same in the two cases. Nightingale (7) found
that the hydrogen-ion concentration at the surface of apple roots
sometimes differed from that of the culture solution by 1 to 2 pH
units. The markedly different hydrogen-ion concentrations developed with different proportions of ammonium and nitrate nitrogen
(table 3) are in general accord with the data obtained by Trelease and
Trelease (10) on wheat grown in water cultures containing different
proportions of potassium nitrate and ammonium sulfate. The
hydrogen-ion concentrations did not vary so widely in the Treleases'
culture solutions as in the sand cultures shown in tables 3 and 4, but
this difference is probably due to the fact that the water cultures
were renewed every 8 days.
Data in table 4, showing a change in reaction from acid to alkaline
during the growth period, find only slight confirmation in the Treleases' water-culture data. In their work a reversal in the trend of
hydrogen-ion development is shown only by the solution containing
5 parts of ammonium to 95 parts of nitrate, which was tested each
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day for the last 8-day period. Probably a similar reversal would have
been shown by solutions containing a higher proportion of ammonium
if the plants had been grown for a longer time in the same solution.
With buckwheat grown in a culture solution containing equal proportions of ammonium and nitrate, Stahl and Shive {9) observed a pronounced shift from ammonium to nitrate absorption after blossoming.
A change conditioned by maturity of the plant, however, would not
account for the shift observed in the present studies, since it does not
occur in the series grown with one-half of the nitrogen as ammonium
and one-half as nitrate. Moreover, the oldest plants were cut when
the heads were just starting to emerge.
EFFECT OF CALCIUM CARBONATE AND INCREASED IRON ON
YIELD OF MILLET IN QUARTZ SAND
If the poor growth in pure sand with the standard salt mixture is
due to acidity resulting from the absorption of more cation than anion
equivalents, it might seem possible to correct the condition by an
application of calcium carbonate. However, too much calcium
carbonate reduces the availability of iron in the quartz sand cultures
to such an extent that the plants become chlorotic. The chlorosis
can be overcome to some extent by increasing the iron supply, but too
much reactive iron reduces the availability of the phosphate until it
becomes deficient. Increasing the phosphate in order to maintain an
adequate supply tends to lower the availability of the iron. Because
of these conditions it may not be possible to produce optimum conditions for growth merely by adding calcium carbonate to the sand
cultures.
In the following experiment the standard mixture of nutrient salts.
No. 3, was used. The quantity of precipitated calcium carbonate
added to the sand cultures was only 0.5 gm. per pot, since previous
work {2) had shown that 0.8 gm.. induced chlorosis. Three quantities
of ferric tartrate were tested in conjunction with this application.
There were also several other treatments in this experiment. Additional increments of iron were tried with the ^U-nitrate mixture of
salts. No. 5, since diminished growth with these salts in quartz sand
was found to be due to a lack of available iron (3). In addition to the
potassium in the standard salt mixture, potassium chloride was added
to some pots, since it was thought possible that the injurious effect
of the acidity developed from these salts might lie in diminishing
potassium assimilation, as held by Wadleigh and Shive {11). If this
were the case, increasing the potassium concentration might ameliorate
the condition. The treatment with peat of pH 5.0 was installed as
a check on the efficacy of the other treatments. In the previous
experiment this peat increased the yield markedly. Millet was grown
from May 12 to June 4. The results of the experiment are given in
table 5.
The increase produced by calcium carbonate with the highest iron
application is almost as large as the increase produced by the peat of
pH 5.0, and this in turn is about equal to the average increase produced by 46 different soils in QQ comparisons (5, p. 620), The results,
therefore, support the idea that the beneficial effect of a soil application lies in acting as a buffer and in supplying available iron.

Jan. 15,1943
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5.— Effect of calcium carbonate^ extra iron, and extra ^potassium on yield of
millet in quartz sand

Substance added to quartz sand
Nutrient
salt
mixture 1
No.

Additional compound

Name

None
_...do
Calcium carbonate.r
do
\Iron
ÍCalcium carbonate—
\Iron
Potassium chloride.
_-..do
do.
Peat, pH 5.0
iPeat
\Potassium chloride..
None
Iron
.....do

Air-dry yield of
individual pots

Amount

Average
air-dry
yield
per pot

Relative
yield

Grams Grams Grams Grams Grams Percent
3.82
4.04
3.40
4.78
100
4.92
4.76
4.53
4.79 } 4.38
5.98
0.5
4.06
5.09
5.03
6.00
115
.5
5.21
6.78
5.39
6.07'
123
.037 [ 3.51
.5
5.35
6.68
6.10
6.23
142
.148 [ 6.80
4.72
4.11
4.99
4.15
.343
4.49
103
3.52
4.14
4.05
.686
3.87
3.90
89
1.029
3.94
3.68
4.10
3.83
3.58
87
10
6.40
6.68
6.30
6.46
147
10
5.82
5.62
5.45
5.72
131
.343 [ 6.00
4.54
3.91
3.31
82
2.60
3.59
5.18
4.25
4.25
.037
5.15
108
4.71
4.19
.148
4.41
3.96
98
4.62
4.30

pH at
end of
expeririient

Grams

5.9
7.5
7.5
5.2
6.5
6.5
4.7
4.7
7.8
7.5
8.0

1 Nitrogen present in nutrient salt mixtures: In No. 3, H N as NH4, and î ! N as NO3; m No. 5, all N
as NO3.

The^ failure of the extra potassiuip applications to increase growth
indicated that a potassium deficiency is not the cause of reduced
growth in the pure sand cultures.
In pots receiving the all-nitrate salt mixture, all plants were markedly chlorotic during early growth, but toward the end of the experiment the color improved considerably and at that time the plants
receiving extra iron were an almost normal green. The improved
color at the later period when the heads were forming may be connected with an increase in the plants' requirement for potassium as
compared with nitrogen, since an increase of this kind, if sufficient,
would develop an acid reaction instead of an alkaline one in the
absorption zone. The appearance of the plants and the jields indicated that the extra iron applications increased iron assimñation
slightly but not to an optimum degree when this mixture of nutrient
salts was applied.
COMPARATIVE YIELDS OF MILLET IN QUARTZ SAND AND IN SANDSOIL OR SAND-PEAT MIXTURES, AS INFLUENCED BY THE WATER
CONTENT AND BY FLUSHING
According to the ideas outlined in the introduction, unfavorable
conditions for growth in pure sand cultures are developed in the zone
of root absorption and do not necessarily obtain throughout the whole
medium. It was thought that if the absorption zone could be flushed
at intervals with the salt solution draining from the whole pot, growth
should be as good in quartz sand as in sand-soil mixtures. The first
experiment in which the pots were drained and flushed at intervals is
described in the following paragraphs. This experiment was also
designed to test an idea that had been expressed that better growth
would be obtained in pots provided with drainage holes than in the
standard closed crocks.
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The pots used in this experiment were especially designed for
drainage and held approximately 8,000 gm. of sand. The drainage
holes of some pots were stopped with -cotton and rubber cement,
while the holes of other pots were left open. Half the pots were filled
with quartz sand and half with a sand-Marshall soil mixture containing 1 percent of colloidal material. Most pots were maintained at a.
water content of 15 percent, but water was added to other pots until
approximately 500 cc. percolated through. The 500 cc. of percolated
solution was added to the pots at the next watering along with sufficient water to again provide a percolate of about 500 cc. For the
15 percent water content, 1,175 cc. of water was required, and for the
drained pots, 2,763 cc. of water was required to produce the percolate
of 500 cc. The sand and sand-soil mixtures in the drained pots thus
held approximately 27 percent of water after drainage. The drained
pots were filtered 11 times during the 27 days the experiment lasted.
The standard mixture of nutrient salts. No. 3 of table 1, was applied
to all pots. The quantity of salts was increased to eight-fifths of the
normal quantity, however, since the pots in this experiment held
approximately 8,000 gm. of sand instead of the usual 5,000 gm.
Millet was grown from September 29 to October 26. The results of
the experiment are shown in table 6.
TABLE

6.- -Effect of water content and drainage on yield of millet in quartz sand and
a sand-soil mixture

Material in pots

Quartz sand only
Do
Do
Sand plus Marshall soil
Do
....
Do

...

....

Kind of pots

Water
content

Air-dry yield of individual
pots

No holes
Holes
- do ...
No holes...
Holes
do

Percent
15
15
27+
15
15
27+

Grams
6.47
5.74
5.76
9.86
10.78
9.00

Grams
4.48
5.80
6.86
10.78
9.90
7.56

Grams
5.47
5.27
7.52
10. Olio. 41

Average
air-dry
yield
per pot
Grams
5.47
5.60
6.71
10.22
10.36
8.28

It will be seen that the pure quartz sand and the sand-soil mixture,
maintained at a water content of 15 percent, gave almost exactly the
same yield in closed pots as in pots provided with holes in the bottom.
Thus it is evident that the added aeration afforded by drainage holes
does not improve growth conditions when the cultures are maintained
at a favorable water content. The quartz sand culture flushed with
excess water yielded about 20 percent more than the quartz sand of
15 percent water content ; whereas the flushed sand-soil mixture yielded
about 20 percent less than the same culture with 15 percent of water.
The conclusion here is not certain, since the excess-water cultures
differed from the standard cultures in three respects: (1) The excesswater cultures contained a less concentrated salt solution than the
standard cultures, since the salts were dissolved in 2,763 cc. of water
instead of in 1,175 cc. ; (2) the pore space in the excess-water cultures
remained filled with water after drainage, whereas the pore space in
the standard cultures was little more than half filled by water; (3) the
excess-water cultures were flushed 11 times during the experiment.
It is believed that in the case of the sand-soil mixtures the slightly
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poorer growth in the flushed series than in the standard series was due
to the second of the differences just mentioned. When the pore space
is filled with water the decomposition of organic matter in the soil may
be expected to produce unfavorable conditions. In the case of the
pure quartz sand cultures, the slightly better growth in the flushed
pots is believed to be due to the third difference. The flushing tended
to remove the injurious conditions developed by the roots in the zone
of absorption.
These conclusions seem little more than guesses when based on the
data of this one experiment. They are, however, substantiated by
other data. In connection with the results of the following experiment it is important to bear in mind that in this particular experiment
any one or all three of the differences mentioned are responsible for
only a slightly increased growth in the pure sand cultures.
It was thought that in the foregoing experiment the pots were not
flushed frequently enough to maintain the solution in contact with
the roots at approximately the same composition as the solution in
the whole pot. Two more experiments were conducted in which the
flushing was much more frequent.
In these experiments the regiüar 1-gallon crocks with drainage holes
drilled in the bottom were employed. The all-ammonia mixture of
nutrient salts. No. 1 of table 1, was used instead of the standard
mixture, in order to provide a more severe test of the eflicacy of flushing. With this mixture of salts, growth of millet in quartz sand
cultures is especially poor, being only about one-fifth of that obtained
in good sand-soil or sand-peat mixtures. Automatic flushing was
provided by a siphon dripping from a 5-gallon bottle into a Soxhlet
tube. The Soxhlet tube emptied 200 cc. of solution into the pot
every hour or two. Such a large volume of water was required for
flushing with this apparatus that distilled water could not be used
without inordinately reducing the salt concentration in the pot;
hence a salt solution was used that contained for every 1,400 cc. of
water the quantity of salts applied to one pot. The solution was
adjusted to pH b.b with sodium hydroxide. As a check on the effect
of frequent flushing, some pots were made up with 1,400 cc. of water,
which was the maximum amount a pot would hold after excess water
had been added and allowed to drain away. After the plants had
attained some size, these pots were flushed every 2 days with 200 to
500 cc. of the same solution as that applied to the frequently flushed
pots. As a check on the efficacy of flushing, a series of pots was
installed with a sand-peat mixture. The peat was a commercial material used for soil improvement and had been limed to a pH of 5.5.
It was mixed with the sand in the proportion of 25 gm. of peat to
approximately 5,000 gm. of sand.
Automatic flushing could not be started until the plants in the sand
were about 1}^ inches tall and those in the sand-peat mixture were
somewhat taller. The effect of flushing the pots as soon as the plants
were up was tried, but the solution burned the leaves badly. In the
first experiment the plants were grown from October 24 to December
12 and in the second from January 24 to March 17. The greater
growth in the second experiment was due to the more favorable light
conditions obtaining in the second period. The results of the ¿wo
experiments are shown in table 7.
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7.—Effect of frequent flushing on yield of millet in quartz sand and in a
sand-peat mixture
First experiment

Material in pots

Quarts sand only...
Do
Do
Sand plus peat
Do

Water content of pots

Normal, 15 percent
Occasional flushing
Frequent flushing
Normal, 15 percent
Frequent flushing

Air-dry yield
of individual
pots
Grams
0.51
.60
2.06
.2.94
1.66

Grams
0.58

"L'se"
1.29

Average
air-dry
yield
per pot
Grams
0.55
.60
2.06
3.40
1.48

Second experiment
Air-dry yield
of individual
pots
Grams
1.00
1.37
5.20
8.32
6.45

Grams
1.15
1.60
4.58
8.10
6.92

Average
air-dry
yield
per pot
Grams
1.08
1.49
4.89
8.21
6.69

It is apparent from the results shown in tables 6 and 7 that flushing
the pots had a very different effect on pure sand cultures from that on
sand cultures containing a small amount of soil or peat. Occasional
flushing of the sand-soil mixture-depressed the yield slightly, and
frequent flushing had the same effect. In the pure sand cultures
occasional flushing increased the yield only slightly, but frequent
flushing increased the yield so markedly that it seems that this treatment may improve growth conditions in somewhat the same way as
soil or peat admixtures. The failure of plants in frequently flushed
sand to attain the growth made by plants in the sand-peat mixture is
doubtless due in part to the fact that flushing could not be started
until the plants were 10 or 11 days old. Possibly, also, frequent
flushing did not so fully correct conditions as did the peat admixture.
It is felt that the experiments on flushing strongly support the idea
that the beneficial effect of soil or peat admixtures on quartz sand
cultures lies in correcting adverse conditions that develop in a zone
contiguous to the roots.
COMPARATIVE YIELDS OF MILLET IN QUARTZ SAND AND IN
A SAND-SOIL MIXTURE, AS INFLUENCED BY THE MECHANICAL
COMPOSITION OF THE SAND

The data that have been discussed were obtained with many
different lots of quartz sand, but they were all of approximately the
same mechanical grade. Two-thirds of the particles were between
1.0 and 0.5 mm. in diameter. It seemed desirable to determine
whether the effects of soil admixtures would be more or less pronounced with other grades of sand. An experiment was therefore
begun in which coarser and finer grades of sand were compared with
the standard grade. The mechanical analyses of the three kinds of
sand (table 8) were made by E. F. Miles, of the Bureau of Plant
Industry.
In this experiment the standard mixture of nutrient salts was used
and the Spearfish soil was applied at a rate to supply 50 gm. of colloid
per pot. Millet was grown from November 1 to December 13.
The results of the experiment were not very informative. The
fine grade of sand, both with and without the soil admixture, was so
compact that the roots penetrated it only slightly. Many of the
ro^s formed later arched out of the sand without the tips penetrating.
A mixture of 25 percent of the finer grade and 75 percent of the stand-
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TABLE

8.—Mechanical composition of three grades of quartz sand
Particles in sand of indicated
grade

Diameter of particles (mm.)

2+

2-1
1-0.5
0.5-0.25
0.25-0.1
0.1-0.05
0.05-0.005
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Coarse

Standard

Percent
27.1
68.6
3.7
.5
.1
0
0

Percent
0
16.7
64.8
17.4
.9
0
0

Fine
Percent
0
0
.2
1.5
84.6
13.1
.6

ard grade was likewise too compact for normal root growth. With
the standard grade of sand the soil admixture produced the usual
increase in growth. The average weight of plants in this pure sand
was 1.61 gm. per pot, and in the sand-soil mixture the weight was
2.43 gm. With the coarser grade of sand the effects of the soil admixture were more pronounced. The pure sand yielded 0.51 gm.
per pot and the sand-soil mixture 2.14 gm.
The preceding results indicate that the coarser the sand the more
beneficial is the addition of soil. However, in the case of the coarse
sand it is possible that part of the beneficial effect of the soil was due
to improvement in the water-holding capacity of the medium. In
the coarse sand without soil the plants wilted somewhat even when
the water content was only slightly reduced.
COMPARATIVE YIELDS OF WHEAT IN QUARTZ SAND AND IN A
SAND-SOIL MIXTURE, AS INFLUENCED BY THE MIXTURE OF
NUTRIENT SALTS APPLIED
Most measm^ements of the increased yields produced by adding soil
to sand cultures were obtained with millet, but apparently the results
apply to most plants. Results similar to those shown by millet were
observed with rice {Oryza sativa L.), white mustard (Brassica alba (L.)
Boiss.), cotton {Gossypium sp.), and dwarf sunñowers {Helianthus sp.).
Marquis wheat, on the other hand, yielded almost as much in pure
quartz sand as in sand-soil mixtures in several experiments, some of
which have been published (5, 6).
It was thought probable that this exceptional behavior of wheat was
characteristic only of the particular mixture of nutrient salts applied.
An experiment was therefore conducted with a series of nutrient salt
mixtures in which the source of nitrogen ranged from all nitrogen as
ammonia to all nitrogen as nitrate. The composition of these salt
mixtures is shown in table 1. Each of the mixtures contained practically the same quantities of nitrogen, phosphorus, potassium,
magnesium, sodium, and minor nutrients, but some mixtures contained
different quantities of calcium, sulfate, or chlorine. The soil added to
one series of pots, at the customary rate of 50 gm. of colloid per 5,000
gm. of sand, was a sample of the Nacogdoches fine sandy loam having
a pH value of 6.3. Marquis wheat was grown from December 11 to
January 22. The results of the experiment are given in table 9.
Evidently the growth of wheat in sand cultures may be markedly
improved by a soil admixture when the nutrient salts contain an undue
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Table 9.- -Effect of different nutrient salt mixtures on yield of wheat in quartz sand
and in a sand-soil mixture
Nutrient salt mixture
Material
in pots
No.

Air-dry yield
of individual pots

Form of nitrogen
present

All as NH4
i.^asNH4-.
i^éasNH4.
^asNH4All as NO3
All as NH4
HasNH4-.
HasNH4i'éasNH4.
All as NO3.

^Sand only.,-

SandplussoiL

Aver
age
air-dry
yield
per
pot

Yield in
sandsoil
culture
as percentage
of yield
in sand

Grams Grams Grams Gra ms Percent
0.80
100
0.80
0.83
0.87
2.32
2.33
2.01
2.29
100
2.11
2.27
2.37
100
2.28
2.76
100
2.60
2.43
2.64
1.95
1.82
2.15
1.91
100
1.92
1.96
2.05
236
2.13
2.40
2.98
2.64
2.71
118
2.42
2.44
107
2.53
2.58
2.44
2.60
2.72
95
2.51
127
2.68
2.77
2.01
2.43

Hydrogen-ion
concentration
of medium at—
Start of End of
experi- experiment
ment
pH
6.0
6.0
6.0
6.0
6.7
6.0
6.0
6.0
6.0
6.0

pH
4.4
4.7
5.2
6.8
8.6
4.6
5.0
5.8
6.5
7.6

proportion of either essential cations or anions, as in the case of the allamnionium. and all-nitrate mixtures. But when the standard salt mixture No. 3 was used, the increase produced by soil was only 7 percent
in this experiment, and in seven other comparisons involving four
different soils the average increase was 9 percent. On the whole,
wheat seems less sensitive than millet to conditions in quartz sand,
for when the No. 3 salt mixture is used a soil admixture usually increases the growth of millet about 50 percent. And the increases
produced in wheat by the application of soil with the other salt mixtures are smaller than those usually produced in millet under similar
conditions.
Although wheat seems more tolerant than millet or rice of conditions obtaining in quartz sand cultures, it seems to alter the hydrogenion concentration of the medium to about the same extent as millet
or rice, as shown by table 10.
TABLE

10.— Hydrogen-ion concentration of quartz sand after growth 0 f millet.
wheat, and rice with different nutrient salts
Nutrient salt mixture

No.
I
2
3-- _
4
5._

Form of nitrogen present

AllasNH4-:. .
iáasNH4
H as NH4
^éasNH4
All as NO3

Hydrogen-ion concentraton of
quartz sand after growth of—
Millet
pH
3.8
4.3
5.5
5.8
7.1

Wheat
pH
4.4
4.7
5.2
6.8
8.6

Rice
pH
4.4
5. Ô

7.8

This comparison is not conclusive since the data are the results of
single experiments and the hydrogen-ion concentrations developed by
millet have been found to vary considerably in experiments conducted
at different times. Presumably all conditions that affect the ash
composition of the crops would affect the hydrogen-ion concentrations developed. It seems probable, however, from the data at hand,
that modifications in the hydrogen-ion concentrations produced by
the growth of wheat are not widely different from those produced b}^
millet and rice.
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RECAPITULATION OF EVIDENCE CONCERNING THE BENEFICIAL
EFFECT OF SOIL ADMIXTURES IN QUARTZ SAND CULTURES
The experimental results reported in this and a previous publication
(S) strongly support the explanation that has been given for the beneñcial effect of adding soil to a quartz-sand culture. The general
features of the explanation are that in pure quartz sand an unfavorable
hydrogen-ion concentration is developed, owing to a nonequivalent
absorption of cations and anions; that the soil admixture improves
growth by acting as a buffei to the hydrogen-ion concentration
developed; and that the soil also supplies available iron. A recapitulation of evidence bearing on these assumptions follows.
That the roots develop a hydrogen-ion concentration owing to the
nonequivalent absorption of nutrient cations and anions was shown
by experiments conducted with millet {8) and wheat in quartz sand.
In these experiments mixtures,of nutrient salts containing different
proportions of ammonium and nitrate ions were compared. When
nitrogen was supplied exclusively as ammonium ions, the quartz
sand became plainly too acid for the best growth; and when nitrogen
was supplied exclusively as nitrate, the sand became plainly too
alkaline, since the plants became chlorotic, owing to an insufficient
absorption of iron. When one-third of the nitrogen was supplied in
the form of amtmonium and two-thiids as nitrate, as in the standard
salt mixture, the sand was somewhat more acid at the end of growth
than at the beginning. But the acidity developed was not sufficient
to curtail growth markedly, if one judged by the hydiogen-ion concentration of all the sand in a pot before and after an experiment. In
fact, some sand-soil mixtures were more acid than the pure quartz
sand cultures at both times of examination.
However, examination at intervals during growth of sand adhering
to the roots showed that, when the standard salt mixture is used, sand
close to the roots may be highly acid during early growth and nearly
neutral to alkaline during later growth. It appeared, therefore, that
hydrogen-ion determinations of all the sand in a pot at the start and
end of an experiment showed only the net acidity or alkalinity developed, and not the conditions affecting the roots at any time.
Even when the hydrogen-ion concentration of the whole pot is near
the optimum, the hydrogen-ion concentration very near the roots
may be unfavorable a considerable part of the time.
The difference between conditions obtaining near the roots and
throughout the pot is indicated also by the appearance of the plantó.
Usually the poorer growth of millet in quartz sand than in sand-soil
mixtures is apparent when the plants are very small, only 1 to 2 inches
tall. At this stage of growth the sand in the pot as a whole could have
been altered little by the plants' absorption of ions. In a zone close
to the roots, however, the reaction developed could be as unfavorable
as that shown by the whole pot at the end of growth when nitrogen is
supplied exclusively as ammonium, or as nitrate.
Further evdence that in sand cultures an unfavorable condition
m,ay develop near the roots is provided by the flushing experiments.
When the pots were flushed every 2 to 3 hours, growth was m.arkedlv
improved in the sand cultures but slightly depressed in the sand-soil
and sand-peat mixtures. When the sand cultures were flushed every
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other day, there was only shght improvement in growth. These facts
are in accord with the idea that the unfavorable conditions in sand
cultures are strongly localized and develop quickly.
That the soil admixture improves growth by acting as a buffer to
the hydrogen-ion concentrations developed is shown by several experiments, most of which are reported in a previous publication (5). When
the standard salt mixture developing moderate acidity was used,
growth in quartz sand was improved by such diverse materials as a
neutralized sodium silicate, a ferric oxide gel, activated charcoals,
samples of peat having pH values above 5.0, and calcium carbonate
plus ferric tartrate. All of these materials had greater or less buffer
capacities, especially against acid.
That the capacity of the soil for supplying iron is also concerned in
the beneficial effect of soil additions, especially when an alkaline
reaction is developed, is indicated by two facts. (1) When an allnitrate salt mixture was applied to quartz sand, the plants became
chlorotic, owing to an iron deficiency. This condition was partly
corrected by adding extra iron to the sand. In the soil-sand culture
the plants were green and were "not improved by additional iron.
(2) When a small amount of calcium carbonate was added to quartz
sand fertilized with the standard mixture, growth was improved by
only 15 percent; but calcium carbonate and extra iron together increased growth by 42 percent.
DISCUSSION
The results obtained in this study emphasize some of the important
differences in soil, water, and sand cultures. In a soil culture the
solution at the start may be quite different from the salt solution
originally supplied, owing to reactions with the colloidal material.
This applies particularly to concentrations of hydrogen and phosphate
ions. And, since the salt solution is not renewed, it should change
with the growth of the plants, except as it is stabilized by the soil
colloids. The solution in contact with the roots should be somewhat
different from that in the medium as a whole, owing to absorption by
the roots, but creation of differences in the root zones is opposed by
the colloidal material.
In a water culture, the solution in the container should at the start
be the same as that originally supplied, and it should alter little with
growth of the plants if the solution is frequently renewed. Also, the
solution in contact with the roots should be practically the same as all
the solution in the container, particularly if the solution is agitated by
aeration. However, there is reason for believing that the solution in
the absorption zone of roots may differ from that in the body of the
container in the case of water cultures in which precipitates form and
adhere to the roots.
Some conditions in a quartz sand culture are midway between those
obtaining in water and soil cultures and some are more extreme. In a
pure quartz sand culture the solution at the start should, as in a water
culture, be the same as that originally supplied. Since the solution
is not renewed and is not buffered by a reactive material, it should
alter with the growth of the plants more than the solution in a soil
culture. Also, the solution in immediate contact with the roots
should differ from that in the whole container more markedly than in
the case of soil or water cultures.
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This difference between the solution in the whole container and in
the absorption zone varies with the rate of diffusion from and into the
absorption zone. It should also vary with the kind of plant and the
composition of the nutrient solution. If a plant absorbed equivalent
amounts of the nutrient cations and anions, the hydrogen-ion concentration of the absorption zone would remain neutral or the same as
that in the container as a whole. The most pronounced changes in
the reaction of the absorption zone are brought about by varying the
proportions of ammonium and nitrate ions, since this involves a change
in one of the major nutrients absorbed from cation to anion. Other
differences in the composition of the nutrient solution should have
comparatively little effect on the reaction developed by absorption,
since no other major nutrient can be supplied as either cation or anion.
It might be supposed that in sand cultures any hydrogen-ion concentration between pH 4 and 7 could be attained by properly apportioning the nitrogen between ammonium and nitrate ions. This is
approximately true for the reaction of the whole medium at the end
of a growth period, provided the nitrogen supply is largely utilized.
It does not seem to apply, however, to sand close to the roots. Near
millet and wheat roots the reaction of the sand may vary between
early and later growth from markedly acid to nearly neutral or alkaline, when certain proportions of ammonium and nitrate ions are supplied; when other proportions of ammonium and nitrate are supplied
the reaction may remain strongly acid during the whole period. The
early acidity developed is doubtless due to the fact that most plants,
especially young ones, absorb ammonium ions more rapidly than
nitrate. The shift from acidity to alkalinity that sometimes occurs is
probably due to a depletion of the ammonium ions.
Even the reaction of the whole culture at the end of a growth period
cannot bê accurately controlled by varying the proportions of ammonium to nitrate unless the total application of nitrogen is adjusted
to growth conditions. Hydrogen-ion determinations have been made
on all the sand in a pot after growth of the plants in 14 experiments
conducted at different times of the year. In all experiments the same
quantity of the 1/3-ammonium, 2/3-nitrate salt mixture was applied.
The hydrogen-ion concentrations ranged from pH 4.5 to 6.2 in different
experiments, and were closely correlated with the diy weights of the
crop. The more acid reactions were obtained in experiments where
the growth was less.
It is not certain that a root zone maintained in a wholly neutral
condition would be especially favorable for growth. Under such conditions the plants might suffer from an iron deficiency. When water
cultin-es are kept nearly neutral, special procedures have to be followed to keep the plants supplied with available iron. One procedure
is to grow the plants part of the time in a phosphate-free solution,
where the iron is more available. Another method is to supply the
iron in organic form as ferric tartrate or ferric citrate. The solution,
however, should be renewed frequently, since the iron does not remain
available long even when supplied in these forms. The ferric tartrate
dissolves under the influence of sunlight into a ferrous form that reacts
with potassium ferricyanide, but as the solution is aerated the iron is
precipitated as ferric hydroxide. A third method that has been followed by Von der Crone (1) and Zinzade (12) is to supply a large
amount of iron as ferric phosphate.
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It is probably not sufficiently appreciated that the reaction developed where the root is absoibing may be quite different from that of
the medium as a whole. It was found by one of the authors years ago
that pineapples and rice became chlorotic owing to lack of available
iron in calcareous soils but did not become clilorotic in soils rendered
alkaline with sodium bicarbonate {4). This discrepancy was not
explained at the time. Since the nitrogen in these experiments was
supplied as ammonium sulfate, it is probable that the plants developed
sufficient acidity in the absorption zone to neutralize the sodium bicarbonate in that zone and render iron available, but not sufficient acidity
to neutralize the calcium carbonate in contact with the roots. Possibly this theory may explain some of the exceptions found in the distribution of acid-loving plants.
SUMMARY
In a previous publication {S) it was shown that millet does not grow
so well in pure quartz sand as in quartz sand to which a little soil has
been added. How the soil admixture improves growth was not shown
with certainty. An answer to this question is provided by data
reported in the present paper.
The beneficial effect of a soil admixture with quartz sand appears to
be due to the buffer capacity of the soil and to its capacity for supplying
iron.
In pure quartz sand unfavorable hydrogen-ion concentrations may
develop, owing to the nonequivalent absorption of cations and anions.
If the nutrient salts contain all the nitrogen in the form of ammonium,
the sand becomes markedly acid ; and if the nitrogen is applied exclusively as nitrate, the sand becomes alkaline or so nearly neutral that
absorption of iron is inhibited. If nitrogen is supplied partly as
ammonium and partly as a nitrate, the reaction is markedly acid at
first, owing to am^monium ions being absorbed more rapidly than
nitrate ions; later, the reaction developed may be nearly neutral or
alkaline if the ammonium ions are sufficiently depleted. This occurred
in experiments in which a salt mixture was used that contained onethird of the nitrogen as ammonium and two-thirds as nitrate. In
this case hydrogen-ion determinations made on all the sand in a pot
at the end of growth showed only the net acidity developed and did
not show conditions existing near the root at different times during
growth. Sand adhering to the roots may differ widely in reaction from
all the sand in a pot. In sand cultures containing soil admixtures, the
development of unfavorable reactions in the zone of root absorption
is opposed by the soil colloids. The soil colloids may also improve
growth by supplying iron in case a nearly neutral or alkaline reaction
is developed.
Differences in soil, sand, and water cultures as mediums for growth
are pointed out, and the importance of considering the hydrogen-ion
concentration of the zone contiguous to the root, rather than that of
the whole medium, is emphasized.
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