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The two objectives of this research on the movement of strontium3- -

through  the  soil to the plant  root  were as 'follows:

(a)  To determine the significance of each of the mechanisms of root

interception, mass-flow and diffusion in supplying strontium to the root

surface.

(b)  To evaluate the significance of soil properties on the distri-

bution doefficient of calcium and strontium between the solid and liquid

phases of the soil.

Investigations on the Mechanisms of Supply of Strontium

to Root Surfaces of Plants Growing in Soil

The relative absorption of Sr and Ca by plant roots depend upon the

rate of movement of these ions through the soil to the root surface so

that they are positionally available for absorption. .Uptake experiments

conducted in stirred solutions of Sr and Ca have shown that the uptake bf
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th*se ions is proportional to the concentration in the solution and also

that the ratio of Sr to Ca uptake is the same as the ratio of the ions in

the solution. Uptake by pladts from soil systems is therefore conditioned

by'the  rate of supply  of the nutrients  from  the  soil  to the plant  root  sur-
face.

Preliminary experiments in the greenhouse were discussed in the 1965-

1966 report.  A new plant growth experiment,conducted in a controlled

climate facility, was conducted to evaluate more closely the role of root

interception, mass-flow and diffusion in supplying strontium.and calcium

to the plant root.

In this experiment the rate of transpiration of the plant and hence

mass-flow was regulated by varying the relative humidity of the air in the

growth chamber, consequently total plant growth  was not affected by trans -
piration rate as was the case in the previous experiment where the plants

were covered with plastic bags to control transpiration and this treatment

reduced the light intensity and plant growth.

Four soils were used in this experiment.  The soils were; Maumee

loamy fine sand surface soil and its subsoil, and Plainfield sand surface

soil and its subsoil.  The properties of the soils are shown in table 1.

Four crops, lettuce (Lactuca sativa), wheat (Triticum aestivum),

tomato (Lycopersicon esculentum), and soybean (Glycine max) were grown at

two transpiration rates in a controlled climate chamber.  A low transpira-
tion rate was obtained by holding the relative humidity at 80-100%.  A

high transpiration rate was obtained by holding the relative humidity at

20%.  A light intensity of 1900 foot candles at the soil surface, a day
length of 15 hours and a day temperature of 80'F and a night temperature

of 60'F were used for all treatments.
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Table 1.  Soil Properties

Soil Property Maumee Plainfield

surface subsoil surface subsoil

pH
7·0 6.9 4.7 4.8

C.E.C. 15.3 3.7 8.1 2.0
(me./100 g)

Bulk Density 1.28 1.58 1.56 1.58

Porosity % 48.1 39.8 38.8 39.1

Exchangeable Ca (ppm) 2425 500 170 123

Exchangeable Sr (ppm) 2.13 O.91 0.60 0.43

Saturation Extract Ca (ppm)    40        28          18         8

Saturation Extract Sr (ppm) 0.045 0.036 0.075 O.036

Equal volumes of air-dry soil (2200 cc) were placed in 3.3 liter

plastic containers.    The  soil, was fertilized by inixing  200 ppm P  and  252

ppm  K as KHQPO4  with  the   soil.     The  pots were watered to field capacity

and water losses were replenished daily.  One inch of perlite placed over

the soil minimized evaporation.  Pots without plants were used to esti-

mate evaporation losses.

Plants were harvested after 14 days.  Roots were separated from the

soil and root volume was measured with a pycnometer.  Fresh root weights

were determined immediately after blotting the roots with filter paper.

L
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Thd harvested plant material was dried at 170'F, weighed, ground and a

subsample digested with HNOJ, HC104 and H 04 prior to analysis for Ca,

Sr, and Mn.

Saturation extracts were obtained by displacement using 12.5 cm

diameter cylindrical plefiglas columns.  Exchangeable cations were re-

moved by extracting 10 g of soil with 50 ml of neutral 14 NH40Ac for 30.

minutes, letting it stand overnight, filtering and then extracting with

two additional 25 ml aliquots.

Soil exchange capacity was determined by displacing the adsorbed
+

NH   with KCl and measuring it.  Soil porosity was calculated from bulk

density and true density measurements.

Ca, Sr,and Mn were determined on the soil extracts and plant

digestates using an atomic absorption spectrophotometer, LaC]  was added

to the solutions to remove possible interferences.

Results and Discussion

The average transpiration ratio, plant weight and root volume of the

plant species used in this experiment are shown in table 2.  The high

transpiration ratio was 3.9 to 5.8 times larger than the low transpiration

ratio.  Transpiration ratio did not significantly affect plant weight.

The significance of each mechanism was evaluated by calculating root

interception and mass-flow as previously described and determining dif-
3

fusion by the difference between the uptake and the supply by root inter-

ception and mass-flow.  Root interception was calculated as the quantity

31
Oliver, S. and S. A. Barber.  1966.  An Evaluation of Mechanisms

Governing the Supply of Ca, Mg, K, and Na to Soybean Roots (Glycine max)

Soil Sci. Soc. Amer. Proc. 30:82-86.
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of Sr and Ca in the soil that would be displaced by-the volume of roots

produced by the plant.  Mass-flow transported an amount-to the root equal

to the water absorbed multiplied by the average concentration in the water

moving through the soil to the root.

Root interception plus mass-flow supplied more Sr and Ca to the. root

than was absorbed by the root in almost all instances, hence, no diffusion

toward   the root would occur. Because   of  this the total ·supply  to   the   root

was taken as the sum of that supplied by the mechanisms of root intercep-

tion and mass-flow.

Table 2. Effect of plant species and relative humidity on the average.*
4Plant weight, transpiration ratio, root volume and soil volume
occupied by roots.  ·

Plant Weight  Transpiration  Root Volume  Soil Volume Occupied
Ratio by Roots

Humidity High Low High Low High Low High Low
Condition

(g/pot) (ml/g) (CC/Pot)            (%)

Lettuce 0.75 0.60 121 526 3.26 2.03 0.15 0.09

Wheat
 

1.83 1.74    81 471 7.19 6.29 0.32 0.28

Tomato 1.53 1.36   82 442 4.47 2.87 0.20 0.13

Soybean 2.39 1.83    59 229 7.23 6.69 0.31 0.29
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Thd supply by root interception plus mass-flow is plotted versus the uptake

for each plant species in figures 1 and 2 for Sr and Ca respectively.  There

were obvious differences in Ca and Sr uptake that were due to plant species.

In order to determine that the differences between plant species were

not due to the methods of calculating Sr and Ca supply, manganese was also

determined on the soil parameters and plant materials.  There were no

differences between plant species when manganese was used and the total

supply correlated highly with the uptake by the plant.  Plant absorption

of manganese is proportional to supply to the root over a very wide range

of concentrations.

A comparison of the relative uptake of Sr and Ca as compared with

their supply was made by comparing the regression. equations for the rela-

tion between uptake and supply for each plant species.  These equations

are given in table 3.

Table 3.  A comparison of the effect of plant species on the relation of
calcium and strontium uptake to the calculated supply by root
interception plus mass-flow.

Plant Strontium Calcium
Species regression equation r regression equation   r

2                                2

Lettuce y = 0.175 X -0.25 0.91 y = 0.356 x -0.07 0.92

Wheat y = 0.024 x -0.70     0.      y - 0.080 x
-0.96 0.81

Tomato y = 0.413 x -4.0 0.79 y = 1.02 X -0.12 0.82

Soybean y = 0.196 x +0.35 O.81 Y = 0.713 X +2.75 0.98
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If the roots absorbed both Sr and Ca in the same ratio as they are

supplied to the root the X coefficient in the equation would be the same

for each ion within plant species.  However, in all cases the X coeffi-

cient for Ca is much greater than that for Sr.  The ratio of the X coef-

ficients of Ca to the X coefficient of Sr was 2.04, 3.34, 2.48 and 3.65

for lettuce, wheat, tomato and soybean respectively.  It appears the Ca

is absorbed preferentially to Sr or that relatively more Ca than Sr

reached the root than that which was calculated.

The X coefficients varied widely between plant species since species

such as tomato appeared to absorb all the Ca that reached the root where-

as wheat absorbed only about 2.4 percent of the Sr reaching the root.

A discrepancy exists between the Ca/Sr ratio of absorbed by the

plant   and  the Ca/Sr ratio of exchangeable   ions   in   the   soil  Lk/.      The

reason for the discrepancy will. be the subject of continued research.

The ratio of plant absorption should represent the ratio of the supply

to the root.

The relative amounts of Ca and Sr in the soil at the root surface

may be influenced by differential Ca to Sr accumulation at the root sur-

face because absorption was slower than movement to the root.  This

theory will be investigated in future research.

4/
-#   Romney,   E.   M.,   J.   W.   Neel, H. Nishito,   J. H. Olafson,   and  K. H. Larson.

1957 · Plant uptake   of  Sr-90,      RN-106, Cs·-137,    Ce -144 from Soils.

Soil Science 83:369-376.
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Report of research under objective 2.  The effect of soil properties on

the distribution coefficient of Ca and Sr between the solid and the liquid

phase of the soil.

The Sr in a soil system exists in equilibrium between the exchange-

able  and the solution phases. In addition  some Sr may be fixed by the

soil in a non-exchangeable form.  The fixed Sr will be discussed in the

second part of this report.  The exchange reaction of Sr with Ca is as

follows:

++ / ++Ca - soil + Sr --7 Sr soil + Ca

The selectivity can be measured by the selectivity coefficient, kc, defined

as

kc  =   ISS  -   soil] .    (Ca++)
[Ca - soil]  (Sr++)

where parenthesis indicate molar activities and brackets indicate concen-

trations, in this case, expressed as me. per 100 grams of soil.  If the

soil absorbs Sr preferentially to Ca, kc will be larger than unity.

Since kc varies with the degree of saturation of the soil with either

Ca or Sr, the investigations were conducted with ratios of Ca/Sr varying

from 100 to 500/1 since this is the range of levels that are frequently

encountered in soils.r

A survey of the kc values found in soils was made on 64 Indiana

soils representing 16 soil series.  The Ca and Sr contents in solution

were obtained from analysis of Ca and Sr of the saturation extracts ob-

tained from these soils.  The soils were brought to the laboratory in the
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field-moist condition, saturated with deionized water, equilibrated for

24 hours and then the saturation extract was obtained by displacement.

The exchangeable Ca and Sr were obtained by displacing them from the soil

with 1 f neutral NH4Ac.  The amounts of Ca and Sr were determined by

atomic absorption analysis.

The pH, cation exchange capacity, percent organic matter and mechani-

cal analysis of the soil were also determined.

The frequency distribution of the k  values of the 64 soils is shown
C

in figure 3.  A range of 0.355 to 2.11 was obtained.

Thirty of these soils representing the 15 having the lowest k  values
C

and the 15 having the highest kc values were used to determine k  values
C

after treating the soils so that they would have a common ratio of Ca/Sr

in solution.  This treatment consisted of equilibrating 10 grams of each

soil with a 0.1N chloride solution having a molar ratio of Ca/Sr of 186/1.

The procedure used was to shake the soil for 15 minutes in 30 ml of the

solution, centrifuge, and decant the supernatant liquid.  This was re-

peated five times.  Excess salts were then removed with ethyl alcohol           -

and the quantities of exchangeable Ca and Sr on the soil determined.

The distribution of k  on the 30 soils before and after equilibra-
C

tion with a common solution are shown in a frequency distribution plot

in figure 4.  The equilibration with the Ca-Sr solution resulted in a

reduction in the range of k  values found (0.69 to 1.17) and a reduced
C

dispersion about the mode of 1.0.  The treatment of the soils caused

three changes.  It brought the soluble salt content of the soil solution

to a constant value; it brought the ratio of Ca to Sr in solution to a
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+++common value and it removed all competing cations such as H , Al   , and
++

Mg  .  Thus the variations in kc that could be attributed to the ratio

and levels of Ca and Sr in solution and to the presence of cations

and anions other than Cl in the system were eliminated.  It appears that

these factors have large
effects on the value of kc.

The extent of variation of kc in these soils helps explain why some
»

investigators have found preferential absorption of Sr over Ca (a value

of kc greater than 1) and others have found preferential absorption of

Ca (a value of kc less than 1).

Correlation  of kc with soil properties.    The k  values found in this study

with 30 soils were used as the dependent variable in a multiple regression

analyses with the soil properties, pH, cation exchange capacity, % organic

matter, % clay, % silt and % sand.   The only · factors showing significant

correlation were % organic matter (r = 0.83) and cation exchange capacity

(r = 0.76).  Percent organic matter and cation exchange capacity were

both negatively correlated with the value of k .
C

Effect ,of removal of organic matter. Since organic matter appeared  to

have an influence on the kc value three, soils were chose6 for determina-

tion of k before and after removal of organic matter by treatment withC

H202   The kc values obtained before and after treatment are shown in

table   4. .    The k c values   were much higher   a fter treatment   with   H202
indicatU that the mineral fraction  of the soil remaining after H202
treatment favored Sr absorption over Ca absorption.  In order to gain

further evidence on the effect of Organic matter, the kc of a muck soil

was determined and found to be 0.575 which is further evidence that or-

ganic matter, modifies selectivity by favoring Ca.  Attempts were made to
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determine kc of the humic fraction, however the kc obtained varied with
the procedure used for removing the humic acid fraction from the soil.

Table 4. Effect of treatment  on Sr/Ca Selectivity Coe fficients in three
silty clay loam soils.

6 Treatment
Soil                P

O.M. None Equilibration H202 + Equilibration

Blount 2.4 1.28 1.08 2.08

Brookston (1) 7.1 0.76 0.69 1.96

Brookston (2) 6.0 0.89 0.70 1.54

Evaluation of fixed strontium.  When the investigation of kc was conducted

using Sr-90 to label the amount of strontium in solution and on the  soil it

was observed that a considerable amount of the Sr was absorbed by the soil

in a form that was not readily replaceable with NH4Ac.  In order to in-

vestigate the nature of this fixed Sr, experiments were conducted to deter-

mine the rate of equilibration between Sr in solution and the fixed Sr.

Studies on the kinetics of exchange at three different temperatures were

used to evaluate the activation energy of the exchange.

In a soil system which has come to equilibrium with the cations pre-

sent we have a distribution of Sr between Sr in solution, Sr as exchange-

able   ions   and  Sr  in a fixed position. Carrier-free SrSO was added  to  the

system and the rate of Sr removal from solution by isotopic exchange with

exchangeable Sr and fixed Sr was observed.  Experiments were conducted on

the three soils shown in table 4.  Soil samples exhaustively treated with
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H202 and untreated soil samples were equilibrated  with  an 0.1 N chloride
solution of Ca and Sr having a Ca/Sr molar ratio of 186 to 1.  The treat-

ment consisted of suspending 10 grams of soil in 25 ml of the chloride

solution, mechanical shaking for 15 minutes, centrifuging and decanting

the supernatant liquid.  The treatment was repeated seven times after

which the soil was suspended in the 186 ratio Ca/Sr chloride solution and

Sol U+,07\allowed to stand   for 3 months . The strontium concentration   (2 4.0  +   0.5

ppm) was the same after 3 months as the initial solution.  The soils were

then assumed to have reached equilibrium with the Ca/Sr solution.

The samples were then centrifuged, the supernatant decanted and

fresh Ca/Sr solution added.  The kinetic studies were initiated by adding

2.85 micro curies of Sr-9)in 0.100 ml of soln to each tube.  The soil and

solution were agitated for specified lengths of time, centrifuged and

0.100 ml aliquots removed for determination of activity. Af'ter   each   ali-

quot was removed the soil sample was agitated for another specified in-

terval.

The initial time intervals were very short (2,4 minutes etc.), and

the time for centrifuging and sampling took 7.5 minutes.  Time of reac-

tion was considered as only the time the samples were agitated, disre-

garding the time used for centrifugation and sampling, since there was

effective separation between the solution and soil during centrifugation

and sampling.  This might have incurred some error in the measurement of

time.

The samples were assayed for Sr-90 after 14 days to allow the Y-90

content to reach equilibrium with Sr-90 since the soil removed Y-90 from

solution.
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The experiments were performed at 21.5'C and 46.5'C for all soils

0
and also at 0 C for the Brookston soil.

Theory

. It was assumed that the Sr which was fixed by the soil would ,reach

equilibrium within the three month period.  The soil would then contain

fixed Sr of at least one strength of bonding and exchangeable Sr that is

held much more loosely.  When carrier-free Sr-90, is added, it will imme-

diately come into uniform distribution with the Sr in solution.  It will

then start to equilibrate with the exchangeable Sr and at a slower rate

with the fixed Sr in the soil.  The rate of reduction of Sr-90 in solu-

tion should show a relationship with time that reflects at least two
1

separate reactions.

The method of measuring the reaction rate constants for the exchange

of Sr-90 with the exchangeable Sr and fixed Sr in the soil was patterned

after the equations developed for a first-order reversible reactionl by

Daniels and Alberty*

For the movement of Sr-9Q from the solution phase to the exchangeable

phase we have the reaction.

k
1

- -     '          [1]aST*, - aSr*
k
2

where a is the degree of isotopic dilution in the solution phase and a

that in the exchange phase.

*  Daniels, F. and R. A. Alberty.  Physical Chemibtry, J. Wiley and Sons,

Inc., N. Y. 1961. PP 311-312.

.
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If we  let A  =  the  Sr-90 or activity per  ml of solution  and K is  the
conc. of Sr  per  ml of solution, aSr*  = A/ti. Similarly A  is the activity

absorbed per soil sample and R is the amount of Sr absorbed per soil

sample   and  a   =  A/ir.

The reaction rate of equation 1 is given by the expression

da            -
E = -kla + k2a                           [2]

where a=a at t=0 and a=ao                    eq at t = 00 and the total activity At =
--

BV a+P a where V i s the volume of solution.

Equation  [2]   can be integrated  to  give
'k
Cl K  KV)

1  -(f At-+AT)  a1n
= -kl + k2 BY t                    [3]1       ( 1  +   R      *   MY)   a

(1,2 . AT ' At-) o         B

If we assume that at equilibrium a- = S, then from' [2], kl = k2' or

the forward rate of exchange with fixed Sr is equal to the reverse rate

of exchange from fixed Sr with solution Sr.  Equation 3 can then be

simplified to:

A     -a
t

» f +
K. = k(  + IV) t

-                            [4]t-a         B0

11 4- TV

L - 1
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If the total Sr in the system is Ft =B+B V and a = or -At.      At

e q   11 + 11V    Kt
then:

l. 80 - :eq =k t.lt                           [51
eq    B

Equation [5] permits the calculation of the rate constant k if the

activities at zero time and at equilibrium are known and a at time t has

been measured.  Solutions can be done graphically if a is not known.eq
The foregoing measur.es  k when  only one reaction occurs.    In  this

system two or more reactions may occur each having a value of B and each

exchanging with a different energy level.  When two forms are present

we have the following relationship:

k
1

\

asr   0.       aSrlk
2

kk64
k                  k
5                        3

8Sr2

L
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Alberty and Miller5 consider a number of simplified methods for the

solution of these rate equations.  The model used here fits approximately

the situation where the readily exchangeable Sr equilibrates very rapidly

with the solution Sr as compared with the fixed Sr.  We have klk3k5 =

k2kltk6' and then assume that k3 = k6' k4 = k5' kl >> k3 and k2 » 19,·

In other words, the adsorbed Sr Bl reaches equilibrium very rapidly with

the Sr in solution B.  Then BV + Bl provide a pool from which Sr equili-

brates with the A2 fraction at equal rates from solution Sr or absorbed

Sr in the Al fraction.  The relationship can be simplified to give

k
3
\ -

a'                         a

Sr 4 k4   Sr 2

The problem is reduced to conditions similar to that used for the

first form and the reaction rate constant can be determined.

Results and Discussion

When carrier-free Sr-90 was added to the equilibrated soil systems

containing Ca and Sr,isotopic equilibration with the Sr in the soil began.

The .decrease in radioactivity of the solution with time for the Brookston

(1) soil at 21:.f  is shown for the first part of the time peribd in

figure 5 and for the whole period in figure 6.  There was a sharp de-

crease in activity as the Sr-90 equilibrated with exchangeable Sr during

the first 10 minutes.  The activity continued to decrease at a very slow

5/ Alberty, R. A. and W. G. Miller.  1957.  Integrated rate equations

for isotopic exchange in simple reversible reactions.J. Chem. Physics

26:1231-1237·
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rate and equilibrium was not reached after 27 days.  The curves shown for

this soil are very similar to those for the other five soil systems in-

vestigated.

There are obviously at least two reactions, a fast reaction which is

essentially complete within 10 minutes and a slower reaction that takes

many days to reach equilibrium.  The first reaction is mainly due to

isotopic dilution with exchangeable Sr, the second is isotopic exchange

with an adsorbed or fixed form of Sr that does not readily equilibrate

with the solution.

Equation [5] was used to calculate kl the reaction rate constant for

the first reaction by assuming that the isotopic dilution obtained after

10 minutes was a for the first reaction.eq

In order to calculate the values of the reaction rate constant

(15 = klt) for the slow reaction the tangent da to the curve in figure 6

was evaluated graphically at different values of a.  These values were

plotted to obtain a slope, k   , which was used to estimate k .  For the

curve shown in figure 6, k3 was 6.4 x 10-6 min-1.

Similar calculations were made for the other soils studied at 21.5'C

and the data are shown in table 5.

All of the soils had considerable quantities of Sr, 10-20% of that

present, in a form that equilibrated very slowly with the Sr in solution.

Treatment of the soil with H2O2 did not alter the amount appreciably.
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Table 5.  The effect of soil type and H202 treatment on the Sr concentra-

tions in each fraction and the rate constants for the isotopic
dilution with each fraction.

Sr in Sr
Sr       kl        k3- Soil Solution Absorbed Fixed

(exchangeable) min-1 X  min-1 X
26

micrograms per sample 10 10

Blount 476            84 141 1.88 9.2

Blount +H O 473 123 126 1.07 11.222

Brookston (1) 528 897 227 18.2 2.1

Brookston (1) + H202 537 481 256 9.5 6.4

Brookston (2) 512 653 111 9.53 8.7

Brookston (2) + H202 520 492 141 7.29 6.4

The Brookston soils had larger proportions of the total Sr as ex-

changeable Sr because of their higher exchange capacity.

The rate of reaction for the isotopic exchange between solution and

2   -1
exchangeable Sr was very rapid, 10 min. , as compared to the isotopic

exchange with the absorbed or fixed Sr which was of the order of 10-6

min. 1.  Treatment with H 2 tended to reduce the rate of equilibration

with the exchangeable fraction which indicates that the Sr associated

with the organic sites was more rapidly exchangeable than the Sr associ-

ated with the mineral exchange sites.  The rate for the Brookston soils

was much greater than that for the Blount soil.

I
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Treatment wi'th H202 did not appreciably influence the rate constant

for isotopic equilibration with the absorbed or fixed Sr fraction, the

rate constant was also rather similar for all soils indicating that soil

type did not influence the nature of the absorbed or fixed Sr.

0 0
The data obtained from the experiments conducted at 0 C and at 64 C

were not suitable fof calculation of kl and k3.  In the experiment con-

ducted at O'C, only the reaction with exchangeable Sr was observed during

the two weeks measurements were made.  In the experiment at 64'C, the

reaction for both fractions was more rapid than anticipated so that it

was complete within 24 hours.  Measurements were not made frequent enough

to obtain reliable curves.  These experiments need to be repeated to ob-
-

tain reliable data for calculation of k  and k  and hence obtain data

that can be used for determination of the activation energy for the iso-

topic exchange reactions.

The nature of the fixed form of Sr is an unanswered question.

6
Schulz  et al. have suggested precipitated forms of Sr.  If this were

the case, the solubility of the precipitates should be affected by tem-

perature and hence the amount of fixed or absorbed Sr would vary.

Further research is necessary to investigate this.

If the Sr is held inside clay crystals then the activation energy

for the isotopic exchange should be that for the rate of diffusion of

Sr into crystal lattices.

  Schulz, R. K., R. Overstreet, and K. L. Babcock.  On the chemistry

of radiostrontium.  Hilgardia 27:333-342.  1958.
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