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ABSTRACT 

The cycle of cesium-134 in  white oak t r e e s  was followed from 

spring, 1960, t o  autumn, 1961. Three t r e e s  on each of four s i t e s  d i f -  

fer ing i n  s o i l  type and moisture were each inoculated with 2.0 micro- 

cur ies  of Cs134. Gains, losses,  and t ransfers  of t h i s  radioisotope were 

estimated by sampling from inoculated t rees ,  understory, l i t t e r ,  and 

s o i l .  

With rapid t ranslocat ion in to  leaves from i n i t i a l  trunk inocula- 

5 6 t ions  i n  the  spring, white oak leaves contained 10 t o  10 dpm per g dry 

weight by ea r ly  June. This represented a t o t a l  t r ans fe r  of about 40 per  

cent of the  o r ig ina l  input. With the f i r s t  ra ins  following inoculation, 

loss  of radiocesium from leaves began. These losses  continued throughout 

the  growing season u n t i l  September, by which time a t o t a l  l o s s  of 15 per  

cent of the  observed maximum concentration i n  leaves had occurred. Ap- 

proximately 70 per cent of t h i s  rain-induced loss  reached the  mineral 

s o i l  by September, the  remainder located i n  l i t t e r  and understory vege- 

t a t  ion. 

Radiocesium transferred from t r e e s  v i a  annual leaf f a l l  was two 

times grea te r  than the quanti ty exported by ra in .  With subsequent leach- 

ing over the  winter months, the l i t t e r  produced by inoculated t r e e s  l o s t  

about half  of i t s  radiocesium t o  the  mineral s o i l .  

Passage of t h i s  element through t rees ,  l i t t e r ,  and roots  was found 

t o  be very rapid. Transfers from l i t t e r  t o  vegetation were demonstrated, 

a s  wel l  a s  t ransfers  from l iving leaves t o  understory vegetation by ra in .  



i v  

Downward t r ans fe r  of radiocesium i n  s o i l s  under inoculated t r ee s  

w a s  observed, and s o i l s  on wet s i t e s  had s ign i f ican t ly  grea te r  percent- 

ages a t  lower depths down t o  12 inches. However, 92 per  cent of the  t o t a l  

s o i l  radiocesium remained i n  the  top 4 inches one year and seven months 

a f t e r  t r e e  inoculation.  A de f in i t e  pa t te rn  of dis t r ibut ion,  presumably 

re la ted  t o  rain-leaching and stem flow, was found under tagged t r ee s .  

Eighty per  cent of the  s o i l  radiocesium was rnnfined t o  thc nPra wi.tkltl 

crown perimeters, and 19 per cent occurred i n  a small a rea  around the 

trunks. 

Total  annual l o s s  of t h i s  radioisotope from inoculated t rcco was 

estimated a t  19 per cent of the  o r ig ina l  input. Results from analysis  of 

four  t r e e s  harvested a t  the  end of the  study indicated t h a t  estimates of 

radiocesium remaining i n  t r e e s  one year and seven months post  inoculation 

were 13.3 1 3.0 per  cent high. 

Stable cesium determina+ions f o r  c o i l  ha- izurls  ttrld white OR-k leaves 

showed t h a t  the  amounts of CsL34 involved i n  a l l  stages of t h i s  experi- 

ment were very small compared t o  na tura l  l eve ls  of cesium. 

Ascertaining the  r a t e s  and p~rcrn.tngas of trbllbfal. from one 

Sorest  system compartment t o  another has ecological  significance i n  tha t  

knowledge of the  na tu ra l  behavior of a t r ace  element i n  nature i s  gained. 

This knowledge is  important i n  both i t s  re la t ion  t o  chemically re la ted  

elements such a s  potassium, and t o  radiocesium which may en te r  such a 

system as  f a l l o u t  o r  a s  a product of atomic waste dfsposal operations. 
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I. INTRODUCTION 

The present study involves the  use of a radioisotope t o  t r ace  the  

d i s t r ibu t ion  pat terns  of an element i n  a fo re s t  ecosystem. I t s  main ob- 

ject ive i s  t o  t race  the  movements of cesium-134 (2.07 year h a l f - l i f e )  in-  

oculated in to  white oak ( ~ u e r c u s  - alba I,.) t r ee s  on s i t e s  of contrasting 

geological  derivation and moisture s ta tus .  

Increasing a t ten t ion  has recent ly  been given t o  the  study of ex- 

change of chemical elements between vegetation and s o i l .  Such s tudies  a r e  

not new, a s  Rennie's (1955) summary of nu t r ien t  composition data f o r  ma- 

t u r e  temperate fo re s t s  includes many references t o  pre-1900 s tudies .  How- 

ever, the  concept of biological  cycling of elements i n  specif ic  ecosystem 

compartments, and the ro le  of each compartment i n  the  whole ecosystem, i s  

more recent. Knowledge of the behavior of elements i n  na tura l  systems i s  

e s sen t i a l  f o r  the  e f f i c i en t  management of fo re s t  plantat ion productivity 

(~ornev ,  1959). It i s  a l so  e s sen t i a l  f o r  the development of r a t i ona l  

atomic waste disposal pract ices .  Odum (1959) has pointed out that ,  while 

peaceful and mi l i t a ry  uses of atomic energy have created problems i n  the  

re lease of wastes t o  the  environment, t h i s  technology has a l so  furnished 

us  with radioisotopes which a re  usefu l  i n  studying these problems i n  

nature. 

Quantitative measurements of t r ace r  Cs134 through time i n  fo re s t  

ecosystem compartments should yield  information on the behavior of t h i s  

s ign i f ican t  element. The rapid movement of cesium i s  of i n t e r e s t  f o r  

basic  biogeochemistry and physiology of the a l k a l i  metal elements. Cy- 

e l k g  of cesium has p rac t i ca l  implications i n  determining the  movements 



134 of the  hazardous radioactive isotopes of t h i s  element, ~s~~~ and Cs . 
It is hoped t h a t  the use and evaluation of techniques employed i n  t h i s  

study may lead t o  a more e f f i c i en t  use of radioisotopes i n  future studies 

of mineral cycling i n  fores t  systems. 

White oak was chosen as the experimental species because of i t s  

prominence and wide d is t r ibut ion  i n  the deciduous fores ts  of the eastern 

United States .  Although i t s  bes t  development i s  on deep, moist, and well 

drained so i l s ,  it occurs on a var ie ty  of s o i l  types representing diverse 

geological or ig ins  and nutr ient  capacities.  The present study examines 

the  relat ionship of such s i t e  fac tors  t o  the dis t r ibut ion of radiocesium. 



11. RnrIEW OF LITERATURE 

A. Cycling of Mineral Nutrients 

1. General 

The biological  t r ans fe r  of elements i n  fo re s t s  i s  a complex, poly- 

cycl ic  process depending on the combination of many fac tors .  To encompass 

a l l  i t s  aspects i n  a s ingle  study i s  tempting, but almost impossible 

(~emezov, 1958). Investigations of such cycles must be developed i n  suc- 

cessive stages. There a r e  long-term cycles which a re  composed of many 

annual cycles i n  which nut r ien t  content of fo re s t  components var ies  ac- 

cording t o  age of vegetation, varying nut r ien t  and moisture requirements, 

var ia t ions  of l igh t ,  and s o i l  cover. Annual cycles include the  removal 

of elements from the s o i l  during growth, and the re turn t o  the  so i l ,  i n  

the  same year, of a portion of them i n  l i t t e r  f a l l  and dead wood, Sub- 

annual cycles a r e  the most d i f f i c u l t  t o  study. Widely var iable  i n  dur- 

ation, some varying hourly, they include such phenomena a s  leaching of 

elements from vegetation by r a in  and dew, formation and dying of f  of 

minute roots and root hairs ,  nu t r ien t  excretion from roots, synthesis 

and decomposition of organic matter, ion exchanges, and reabsorption by 

roots . 
Much of the  l i t e r a tu re  on element exchange between vegetation and 

s o i l  has originated i n  Russia where the invest igators  have s t ressed the 

specif ic  - nature of b io log ica l  cycles f o r  various genetic s o i l  groups. 

Basilevich (1960) traced cycles of nitrogen and ash elements i n  the  pro- 

cess of steppe s o i l  formation. Vinokurov and Tyurmenko (1958) ascertained 

seasonal contents of nitrogen and phosphorus i n  humus, upper and lower 



s o i l  horizons; and plant  leaves and roots. Smirnov (1958) investigated 

seasonal var iat ions i n  carbon dioxide, nitrogen, phosphorus, and potas- 

sium in a podzol-conifer system. 

A recent study involving nutr ient  cycles in t ropica l  fores ts  has 

been made by Nye (1961) in  Ghana. Amount and composition of l i t t e r  and 

r a in  wash were measured and added with estimates of timberfall, thus es- 

tabl ishing r a t e s  of nutr ient  loss  from vegetation.. W i l l  (1955) made a 

s imilar  study of nutr ient  losses  in  New Zealand conifer stands. 

Most ot' the  studies on nutr ient  cycling have dealth with nitrogen, 

various ash elements,, and carbon. There i s  l i t t l e  information on the  cy- 

c l ing  of e s sen t i a l  t r ace  elements, and even i e s s  on nonessential t race  

elements i n  na tura l  fo res t  systems. 

Many studies  have involved inventories of fo res t  nutr ient  composi- 

t ion.  Lutz and Chandler (1947)'summarized the amount and composition of 

l i t t e r  f a l l  f o r  a number of temperate region fo res t  types. More recently, 

Scott  (1955) has compiled a summary which l i s t s  amounts and chemical com- 

posit ion of organic matter contributed by overstory and understory vege- 

ta t ion .  Rennie (1955) reviewed c r i t i c a l l y  sowe of the  ear ly  European 

studies i n  which leaf and wood composition values were given t'or a number 

of d i f fe rent  t r e e  species. Ovington (1958a, b; 1959a, b )  has studied nu- 

t r i e n t  leve ls  i n  s o i l s  and vegetation i n  a number of forest . types.  Gen- 

e ra l iza t ions  which can be made about the return t o  the s o i l  of nutr ients  

through f a l l i n g  l i t t e r ,  twigs, branches, bark, and f r u i t  have been pre- 

sented 'by Stenlid (1958). 



2. Leaching by r a in  

Most of the  e a r l i e r  studies on nut r ien t  re turn from vegetation t o  

s o i l  considered only nitrogen and ash elements leached by r a in  from lit- 

t e r  on the  ground, although the exis t ing l i t e r a t u r e  contained many ind i -  

cations t h a t  r a i n  leaches elements from l iv ing  t r ee s .  Remezov (1958) and 

Stenlid (1958) have reviewed much of the  l i t e r a t u r e  on "cut icular  excre- 

tion", a s  Arens (1934) c a l l s  the  process t o  dis t inguish it from leaching 

of dead leaves. Much of the  exis t ing quant i ta t ive  data  on s a l t  losses  

through ra in  have been obtained i n  experiments with detached branches o r  

leaves. Species, age of leaves, temperature, posi t ion of leaves, qua l i ty  

and quanti ty of applied moisture, and pathological  condition have been 

found t o  influence the amount of nu t r ien ts  l o s t .  Tarnrn (1951), W i l l  (1955) 

and Mes (1954) have conducted f i e l d  experiments i n  which r a in  water was 

collected under t r ee s  and analyzed chemically. A l l  showed a considerable 

loss  of base elements from the t r e e  crowns. Wil l ' s  data indicated t h a t  

r a in  leached more potassium from t r e e  crowns than was contained i n  the  

l i t t e r  f a l l .  I n  general, the  losses  were i n  decreasing order, Na > K > 

Mg > Ca. 

With radioisotopes as  t racers ,  losses  of t r ace  elements have been 

demonstrated. Long, e t  a l .  (1956) investigated t.he loss  of rubidium-86 

from bean leaves. Tukey, e t  a l .  (1958) found losses  of manganese-54, 

iron-55, strontium-90, yttrium-90, sulfer-33, zinc-63, and chlorine-$ 

when leaves of bean, corn, and squash were subjected t o  leaching with 

d i s t i l l e d  water. 



3. Root losses  

Although they have not been widely investigated, losses  of s a l t s  

through excretion from roots and through decomposition of roots  a r e  known 

t o  occur. It i s  of ten impossible t o  dis t inguish between losses  from l i v -  

ing roots  and losses  due t o  the  dying of root ha i r s  and small l a t e r a l  

roots .  For t h i s  reason most of these s tudies  have involved p lan ts  grow- 

ing i n  nu t r ien t  solut ion o r  excised roots.  While the  r e s u l t s  of such 

s tudies  should not be used t o  calculate  losses  from p lan ts  i n  so i l ,  they 

may serve t o  demonstrate environmental fac tors  favoring root excretion. 

S ten l id  (1958) l is ts  the  following a s  requirements f o r  the  estab- 

lishment of excretion from p lan t  roots i n  the  f i e ld :  1) a decrease must 

occur i n  t he  s a l t  content of the  e n t i r e  plant;  and 2) t h i s  decrease must 

be  grea te r  than t h a t  caused by l i t t e r  production and leaching through 

pr~c-i.pi t.st.i.on., 

Futjiwara and I i d a  (1956) and Stenlid (1950) concluded from exper- 

iments with excised roots  t h a t  respira tory inh ib i tors  give r i s e  t o  in -  

creased excretion by causing a decrease i n  accumulation and, i n  many 

cases, an e f f ec t  on the permeability of protoplasm. Oxygen deficiency 

i s  perhaps the most important f ac to r  causing increased root excretfon 

  hive, 1941). I n  addit ion t o  i t s  e f f ec t  on respirat ion,  it i s  often 

associated with high s o i l  water content which could cause s a l t  losses  'by 

leaching. 

Lu-i;tkus and Botticher (1939) found t h a t  corn p lan ts  i n  nu t r ien t  

solution excreted a s  much a s  15 t o  30 per  cent of t h e i r  po~assium when 

kept i n  t he  dark f o r  3 t o  5 days. There was no ~ u t r i e n t  loss  detected 



in normally illuminated plants .  

The production and death of roots  occurs throughout the  growing 

season. The influence of t h i s  phenomenon on the b io logica l  cycling of 

elements has been shown by Orlov (1955) and Remezov (1959), Orlov, using 

a laborious method of extracting minute roots from s o i l  monoliths, con- 

cluded t h a t  the  annual death of roots amounted t o  0,6 metric tons per 

hectare i n  spruce stands on chernozem so i l .  Remezov, using Orlov's method, 

studied root systems i n  a 50 year old  oak stand. He estimated t h a t  0 .4  

metric tons per hectare, half  of the  amount produced, died per year. 

B Cesium 

Cesium i s  the  r a r e s t  member of the a l k a l i  metal group. Vinogradov 

(1959) l i s t s  world averages of t h i s  element a s  19 pprn f o r  acid rocks, 12 

pprn f o r  sedimentary rocks, and 5 pprn f o r  s o i l s .  He a l so  s t a t e s  t ha t  Rb 

and Cs content i n  s o i l  pa ra l l e l s  the  c o n t e ~ t  of K, the former two being 

l o s t  i n  about the same degree as the  l a t t e r  during podzolization. Alkali 

metals and alkal ine ear ths  such a s  Li, Hb, Cs ,  Sr, a-d Ra, have a tendency 

t o  be l o s t  from the s o i l  whatever i t s  nature. Most of these elements 

occur in t he  so l id  phase a s  t race  elements i n  the  c rys t a l  l a t t i c e s  of 

aluminosilicates. 

The d i s t r i bu t ion  of s tab le  C s  and Rb i n  na tura l  p lan ts  has been 

reported by Bertrand and Bertrand (1944, 1949) and Yamagata, e t  a l .  (1959), 

Bertrandl s values f o r  land p lan ts  ranged from 2.1 t o  81 (average 20.3) pprn 

of Rb and from 3 t o  88.3 (average 22) pprn of Cs. The values found by 

Yamagata, f o r  50 species of p lan ts  i n  Japan, ranged from 0.6 t o  50 pprn 



Rb and from 0.002 t o  1 ppm Cs. Plant C s  contents i n  t h i s  case f a i l ed  t o  

cor re la te  as  c losely with plant  K as did Rb. 

The uptake of radioisotopes of C s  has been studied by many workers. 

Relatively low uptake by plants  from s o i l s  has been reported by Nishita, 

e t  al. (1959, 1960)~  Pendleton (1960), Fredriksson and Eriksson (1958), 

Klechkovsky (1957), and others. This low uptake may be due t o  several 

fac tors  such a s - i o n  competition fo r  root exchange s i tes ,  f ixat ion of Cs 

ions in  t h e  l a t t i c e s  of clay minerals, hydrogen ion concentration, and 

p lan t  discrimination. 

Epstein and Hagen (1952) presented evidence t h a t  K, Rb, and C s  were 

bound,by iden t i ca l  bonding s i t e s  i n  plant  root c e l l s  while Na did not 

compete f o r  these s i t e s .  Nishita, e t  a l .  (1959) and Fredriksson and 

Eriksson (1958) demonstrated decreases of plant ~s~~~ uptake by adding 

K t o  the so i l ,  and increases by adding ca r r i e r  Cs t o  the so i l .  Uptake 

i n  both s tudies  varied with s o i l  type. Menzel (1954) observed t h a t  ra- 

t i o s  of Rbe6 and ~s~~~ t o  K i n  plants were inversely proportional t o  

available s o i l  K. Collander (1941) reported tha t  Rb t o  K and Rb t o  Cs 

absorption r a t i o s  did not vary s igni f icant ly  from plant  t o  plant.  

Yamagatats (1959) data, however, indicate tha t  C s  does not necessarily 

p a r a l l e l  K i n  t r ans fe r  from s o i l  t o  plant .  Moreover, when consideration 

i s  taken of the difference of the ionic r a d i i  between Rb (1.49 8) and C s  

(1.63 81, one cannot expect tha t  cs can replace K (1.33 2) 8s f ree ly  as 

Rb does. 

Rediske and Selders (1953) found ~s~~~ uptake i n  crop plant leaves 

proportional t o  C s  concentrations added t o  the nutr ient  solution, although 



dis t r ibu t ion  fac tors  varied between p lan t  species . .  They fur ther  demon- 

s t r a t ed  an increasing leaf  t o  root r a t i o  of Cs content with decreasing 

pH. Middleton (1958), studying C s  and Sr absorption from f o l i a r  sprays, 

found a rapid absorption and t ranslocat ion of Cs ,  absorption being higher 

from fo l iage  than t h a t  from so i l .  In  comparing the  t ranslocat ion r a t e s  

of K42 and ~s~~~ with Ca45 and srgO, Glueckauf (1955) found the former 

p a i r  t ranslocat ing much more rapidly. The Ca and Sr  mvements were in -  

terpreted as  being involved with exchange mechanisms while K and C s  

movements seemed t o  be purely a transport  phenomenon. 

The behavior of C s  i n  s o i l s  appear t o  be la rge ly  dependent on kind 

and amount of c lay  minerals, base s ta tus ,  and s o i l  moisture. Fredriksson 

and Eriksson ( l g s ) ,  working with pot cul tures  of red clover, observed a 

decreasing ~s~~~ uptake with increasing amounts of c lay i n  the  s o i l .  The 

importance of the  mica s t ructure  i n  sorbing C s  has been found f o r  Cona- 

sauga shale a t  Oak Ridge (~owser ,  e t  a l . ,  1958). Other Oak Ridge experi- 

ments ( ~ a m r a  and Jacobs, 1959)) i l l u s t r a t i n g  the great  a b i l i t y  of illi- 

t i c  minerals t o  f i x  Cs from solutions, have indicated t h a t  a cer ta in  

l e v e l  of K concentration tends t o  collapse the mineral l a t t i c e  and f i x  

more C s  between the p l a t e s  than do higher o r  lower K concentrations. 

This points  t o  a possible meche~lism, other  than ion competition, by which 

K could influence plant  Cs uptake. 

Rhodes (1957) decreased C s  sorbtlon i n  Hanford s o l l s  by increas- 

ing the concentration of s a l t s  i n  solution.  Klechkovsky (1957)) on the  

other  hand, demonstrated t h a t  ~s~~~ was sorbed m r e  s tably and i n  a more 

unexchangeable form i n  base-saturated s o i l s  than in nonbase-saturated 



so i l s .  Perhaps mass action principles operated in  the former study t o  

release C s .  I n  the l a t t e r  study the amount of Cs displacement by addi- 

t i ons  of CaC12, NaN03, and K C 1  was found t o  be, i n  decreasing order, red 

ea r th  (low base s t a tus )  > turf-podzol (intermediate) > black ear th (high 

base s ta tus) .  Liming has a l so  been found t o  displace C s  i n  both acid 

and alkal ine s o i l s  (Amphlett, 1955). 

Nishita, e t  a l .  (1954) reported that ,  f o r  a wide var ie ty  of soi ls ,  

the order of decreasing removal by water was Ru > Sr > ra re  ear ths  > Cs, 

while the exchangeable a c t i v i t y  (leached with lN NH4QAc a t  pE 7) de- - 
creased in the order Sr > C s  > Ru > ra re  earths. Leaching under more 

ac id ic  conditions would render some of these ions more readi ly available 

( A~phle t t ,  1955). Pendleton and Uhler (1960), studying plant  accumula- 

t i o n  of ~s~~~ under simulated pond, wet meadow, and i r r iga ted  f i e l d  

conditions, found an uptake r a t i o  of 75 t o  2 t o  1, respectively? a f t e r  

5 hours and a r a t i o  of 450 t o  30 t o  1 a f t e r  36 days, 



111. MATERIALS AND METHODS 

A. Experimental S i tes  

Four s i t e s  with contrasting s o i l s  were selected f o r  study. These 

s i t e s ,  a l l  located within the  Oak Ridge Reservation, a re  on the Mononga- 

hela and Sequoia s o i l  se r ies  over Conasauga shale and the Iandisburg and 

Fullerton ser ies  over Knox dolomite. These s o i l s  represent contrasting 

hydrologic conditions (moist bottomlands versus d r i e r  uplands) and con- 

t ras t fng  geological derivation (shale versus dolomitic parent materials). 

In  addition, as w i l l  be discussed in  Chapter I V ,  the clay mineralogy i s  

different ,  as the shale-derived soils are  dominantly i l l i t i c  i n  nature, 

while the dolomitic so i l s  a re  dominantly kaol ini t ic .  

B. Inoculation of Trees 

Twelve white oak ( ~ u e r c u s  - alba L.) trees,  three per s i t e ,  were 

selected fo r  inoculation. These t r ees  ranged from 13.1 t o  17.7 f ee t  in 

height and from 0.82 t o  2.77 inches diameter a t  breast  height. Each t r e e  

was inoculated with 2.0 mc of ~ s ~ ~ ~ ,  i n  the form of i n  100 m l  of 

weak HCl,  pH 2.0. Four Mauget feeders were attached t o  the trunk of each 

t r e e  a t  1.0 m height, and the ~s~~~ solution was introduced as  described 

by Ealy (1957). Trees growing on the dolomitic wet and dry s i t e s  and the 

- shale dry s i t e  were inoculated during the l a s t  week of &ril, 1960. The 

shale wet s i t e  t r ees  were inoculated during the l a s t  week of W e  and the 

f i r s t  week of July, 1960. 

In  addition, one t r e e  on the dolomitic dry s i t e  and one t r e e  on 

the shale wet s i t e  were inoculated with K42 sinmltaneously, i n  the form 



42 of K C 1  i n  weak HC1. The respective K t o  C s  inoculation r a t ios  were 

2.23 and 1.89. These "double tags" were used t o  ascertain the degree of 

d is t r ibut ion  s imi l a r i ty  between these two a l k a l i  metal elements i n  white 

oak. 

Radioisotopes were obtained from the Oak Ridge National Laboratory 

i n  the following forms: ~ s ~ ~ ~ ~ 1  in  H C 1  solution (2.12 - N) with approxima- 

42 t e l y  0.33 mg so l ids  per  ml, and K C 1  i n  HC1 solution (2.23 N) - with 33.9 

mg sol ids  per m l .  Volumes of these radioisotope solutiono inscula,+ed 

in to  each t r e e  were l e s s  than 1.0 ml, and the inoculatinn vclJ!i~.mcs (UO 

m l )  were made up by adding d i s t i l l e d  water t o  radioisotope solutions. 

C. Plant Sawpling 

Leaves from inoculated t r ees  were collected through the growing 

season a t  various branch heights and compass directions.  Sample branches 

(L'T t o  29 per tree) were chosen t o  give a good crown representation, the 

s i z e  of t h e  t r e e  determining the  nuniber of branches sampled. Twenty or  

more leaves were taken along the length of each branch. Estimates of 

t o t a l  n u d e r  of leaves per t r e e  were made by applying branch diameter 

measurements t o  the regression equations of Rothacher, Blow, and Pot ts  

(1954). These estimates were qualified by harvesting four t rees ,  one 

per  s i te ,  i n  Septeniber, 1961, and making t o t a l  leaf  counts. These har- 

vested t r e e s  a l so  served t o  assay t o t a l  Cs134 remaining i n  the tree8 a t  
1 

t h a t  time. 

Estimates of in  understory vegetation were W e  by c l ip -  

2 sampling four 0.5 m quadrats under each inoculated t ree .  



D. L i t t e r  and S o i l  Sampling 

During the  1960 growing season a 3 by 3 m grid,  with the inocu- 

la ted  t r e e  trunk a t  the  center, was l a i d  out under each t r ee .  This a rea  

2 exceeded the width of the  t r e e  crowns i n  a l l  d i rect ions .  One dm l i t t e r  

samples were taken a t  20 posit ions on the  g r id  ( ~ i g u r e  1) .  Under each 

l i t t e r  sample, two s o i l  cores, each 4.0 inches long, were extracted with 

an Oakfield (0.75 inch diameter) sampling tube. These cores were divided 

in to  depth f rac t ions  f o r  analysis, and screened t o  remove roots o r  or-  

ganic debris which might contribute Cs134 ac t iv i ty .  

Activity of samples collected a t  the  same radius around the t r e e  

were averaged, and these values converted t o  an area bas i s  f o r  estimates 

of t o t a l  Cs134 a c t i v i t y  on the ground. 

During the 1961 growing season, samples were taken over a wider 

area  undernea.t;h the  t r ee s .  Posit ions sampled i n  1960 were resampled and 

served as  a bas i s  f o r  establishing s i x  concentric sampling zones around 

2 the  trunk ( ~ i g u r e  2).  One dm l i t t e r  samples were taken, and s o i l  cores 

12 inches long were extracted.  Cores were divided i n t o  depth f rac t ions  

and composite samples f o r  radiometric analysis were made as  follows: 

Radial Limits of No. of No. of 
Zone Sampled in  Feet Cores Composites 
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Fig.  1. Location of 1960 L i t t e r ,  Soi l ,  and Understory Samples. 



UNCLASSIFIED 
ORNL-LR-DWG. 68 170 

x S O I L  
0 L ITTER 

Fig.  2. Location of 1961 L i t t e r  and S o i l  Samples. 



The composite samples were assayed f o r  Cs134 act ivi ty ,  and zone 

2 values averaged and converted t o  an area basis .  Four 0.5 m understory 

c l i p  samples were taken as  i n  the 1960 sampling. 

E. Determination of Radioactivity 

Plant materials were assayed f o r  Cs134 a c t i v i t y  by means of a 

s ingle  channel gamma spectrometer with a 3.0 by 1.5 inch NaI detector.  

Leaves and l i t t e r  were placed in t ac t  in 0.75 by 2.75 inch c i rcu lar  plas- 

t i c  containers, and woody t i s sue  was ground in a Wiley mi l l  before 

counting . 
S o i l  samples were counted, a i r  dry, . in 22 by 150 mm @;lass tubes 

in a Packard Instrument Company Auto-gamma spectrometer system contain- 

ing a 3 by 3 inch NaI well detector. A l l  s o i l  samples and low l eve l  

p lan t  samples were counted i n  the 0.50 t o  0.90 Mev portion of the  gamma 

spectrum where Cs134 exhibits character is t ic  photopeaks . . 

Control plant  and s o i l  samples were'collected 75 t o  100 f e e t  from 

inoculated t r ees  with each s e t  of experimental samples. These controls 

were used a s  background values t o  minimize counting errors  due t o  the 

presence of na tura l  rad ioac t iv i ty  o r  fa l lout .  Cellulose sponges cut t o  

appropriate ,dimensions were placed in  the  same kind of containers as  t h e  

samples, and, with the  addition of a known solution, e k e d  as  

standards f o r  calculation of counting eff ic iencies .  

I?. Tree Harvesting 

Four t r ees  (one per s i t e )  were harvested i n  November, 1961. In 

addition t o  the t o t a l  above-ground growth, an estimated 75 per cent (by 
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weight) of the  root systems was extracted. Branches, trunk, and roots 

were divided in to  diameter s ize  c lasses  and oven dry weights were re- 

corded. Number of leaves was recorded by branch diameter, and leaf  

weights recorded f o r  random samples. 

Samples taken from the wood diameter s i z e  c lasses  were ground i n  

a Wiley m i l l  and assayed f o r  0 ~ ~ ~ ' ' ' .  a c t i v i ty .  Total  a c t i v i t y  i n  the  t r e e  

was ascertained as  a check on estimations of remaining a c t i v i t y  from 

previous s o i l  and l i t t e r  values. 

G. S i t e  Analysis 

S o i l  p ro f i l e  p i t s  were dug on each s i t e  t o  d i f f e r en t i a t e  and 

characterize the  s o i l  se r ies .  Color, depth, s t ruc ture  of each horizon, 

and s i t e  moisture were determined i n  the  f i e l d .  Bulk samples from each 

horizon were obtained f o r  laboratory determinations of s o i l  texture  

(mechanical analysis) ,  pH, exchangeable bases, s tab le  cesium, and domi- 

nant c lay minerals. 

1. S i t e  moisture 

Relative s o i l  moisture conditions were determined by measuring 

e l e c t r i c a l  res is tance of gypsum blocks placed in the s o i l .  Sixteen 

moisture blocks (~ouyoucos Model'  el-WWD) were placed i n  the  f i e l d  a f t e r  

heavy ra ins  with the s o i l s  approximately a t  f i e l d  capacity. I n  each of 

the  four so i l s ,  two blocks were placed a t  6 and 12 inch depths. S o i l  

s t ruc ture  WRS d.i.st~rrbed a s  l i t t l e  as possible i n  burying the  blocks, and 

i n  a l l  cases the  b u r i a l  s i t e s  were i n  open areas under herbaceous ground 

cover. Resistance readings were made during a 30 day period of moisture 



depletion ( ~ u g u s t  26 t o  Septeniber 24, 1961) with a Bouyoucos Moisture 

Meter, Model BN-1. 

2. Mechanical analysis of s o i l s  

A i r  dry samples of 50.0 g weight were dispersed i n  100 ml of water 

and 100 m l  of 0 . 1  - N sodium hexametaphosphate, mixed with a mechanical 

s t i r r e r  f o r  15 minutes, and transferred t o  1000 ml graduated cylinders, 

then di luted t o  1.0 l i t e r  with d i s t i l l e d  water. B~uyoucos hydrnmeter 

readings were taken a t  2 minutes 40 seconds and a t  25 hours 17 minutes 

t o  determine per  cent of pa r t i c l e s  less  than 0.05 mm diameter and l e s s  

than 0.002 mu, respectively. 

3. Soi l  ac-idity 

Determinations of pH were made on 1 t o  1 s o i l  and d i s t i l l e d  water 

mixtures with a Beckman Model N pH Meter of the g lass  electrode type. 

4. Rxcharqoable bases 

A i r  dry s o i l  samples of 50.0 g each were wet with 150 m l  of 1 N - 
ammonium ace ta te  ( p ~  7.0), placed i n  stoppered flasks,  and egi tated over- 

night  in  a mechanical shaker. Samples were then poured onto Whatman 

number 42 f i l t e r  paper i n  Buchner f'unnels and f i l t e r e d  in to  suction 

f laeks  with an addit ional  350 m i  of ammonium acetate.  . . 

Aliquots of these leachates were analyzed f o r  Ca, Mg, Na, and K 

i n  a Beckman Model DU Flame Spectrophotometer. 

5. Stable cesium 

Stable cesium was determined i n  the s o i l  samples by activation 

analysis as follows. Oven dry ( 1 0 0 ~ ~  f o r  24 hours) samples of 1.000 g 

from each s o i l  horizon were placed i n  p l a s t i c  v i a l s  which were then 



stacked in to  a 1 quart polyethylene bo t t l e .  Three vials ,  each containing 

60.000 mg of s table  CsN? , were placed a t  various posit ions in the  stack 

of samples as  standards. The polyethylene b o t t l e  was placed i n  the ORNL 

Graphite Reactor and neutron-irradiated f o r  one week. After removal from 

the  reactor, samples were stored with appropriate shielding f o r  18 days. 

This storage period allowed f o r  the decay of short-lived radioisotopes, 

and reduced high i n i t i a l  radioact ivi ty  (approximately 900 mr per hour per  

g s o i l )  by a fac tor  of about 10. 

Activated s o i l  samples were digested in  platinum crucibles with 

HF as  described by Jackson (1958). Digestates were taken up i n  20 per 

cent HC1  and 10 ml aliquots, representing 0.4 g soi l ,  were removed and 
I 

made s l igh t ly  basic with 1.0 M sodium carbonate. These basic samples 

+++ were scavenged with 0.5 ml each of f e r r i c  chloride solution (10 mg Fe 

per ml) end yttrium n i t r a t e  solution (10 mg Y++ per ml). The resul t ing 

precipi ta tes  of f e r r i c  hydroxide and yttrium carbonate were removed by 

centrif'ugation. Precipi ta tes  were washed once with d i s t i l l e d  water, t h e .  

wash being added back t o  the  supernatant f lu id .  This precipi ta t ion pro- 

oess was repeated two mnre time6 t o  insure removal of Fe and Sc which, 

i n  quantit ies of l e s s  than 1 ppm, in ter fere  with the radiometric deter- 

134 mination of Cs . 
After the three-step scavenging process, samples were brought up 

t o  50 m l  volume with 0 .1  - N H C 1  Aliquots of the activated C S N O ~  stan- 

dards were also made t o  50 m l  volume. Three unactivated 1.000 g s o i l  

5 samples were each tegged with 7.18 x 10 dpm Cs13' and carried through . 

the digestion and scavenging operations as  a check on C s  yield. The 



Cs134 a c t i v i t y  of a l l  samples was determined in a 200 channel gamma 

spectrometer with a 3 by 3 inch NaI detector. With the amount of C s  

act ivated i n  the  CsNO standards as  a basis, s table  C s  quantit ies i n  
3 

s o i l  samples were calculated from the amount of Cs134 a c t i v i t y  measured 

a f t e r  act ivat ion.  

Levels of s tab le  Cs which might be available f o r  plant  uptake 

were determined by act ivat ion analysis of ammonium acretate lcachstes. 

Samples representing composited A and coqos i ted  B ( ~ m  horizons ex- 

cluded) s o i l  horizons were prepared f o r  each s i t e .  Each composite 

weighed 300 g ( a i r  dry) and was leached with 3000 ml 1 N amnium ace- - 
t a te ,  pH 7.0. Methods used were the same as  those f o r  extraction of 

exchangeable bases. Leachates were evaporated, slowly, t o  dryness and 

brought up t o  15 ml volume i n  20 per cent HC1. Activation analysis f o r  

Cs134 was made n.6 deficrihed fo r  s o i l  namplea. 

Stable C s  levels  in  leaves of uninoculated white o&s growing on 

eqcriuenLtl1 s i t e s  were determined by act ivat ion analysin of leaf diecat-  

a te s .  Approximately 100 leaves were collected in  July, 1961, from t rees  

on each s i t e .  Leaves were selected a t  random over the t r ee  crown. @ t e r  

oven drying, the leaves were ground i n  a Wiley m i l l ,  and 5 t o  10 g of 

ground mater ial  from each s i t e  W& wet digested with n i+r ic  mid perchlo- 

r i c  acid (Piper, 1950). Digestates were taken ug in 20 per cent KC1, 

al iquots  of which were t reated as  previously described f o r  activation 

m a l y s i s  . 
6. clay mineral analysis 

Ident i f icat ion of dominant clay minerale was made by X-ray 



diffract ion analysis  of c lay from each s o i l  horizon. Two m l  a l iquots  of 

Na-saturated clay suspension ( l e s s  than 0.002 m diameter pa r t i c l e s )  were 

placed on g lass  s l ides ,  a i r  d.ried, then oven dried.  Clay minerals pres- 

ent were determined with a Norelco X-ray Diffractometer. A wide range 

goniometer rotated the s l i des  from 3 t o  27' a t  a r a t e  of lo per minute. 

Thus, c lay minerals present with d i f f r ac t ion  spacings of approximately 

3 t o  18 8 were recorded. The presence and r e l a t i ve  abundance of vermic- 

u l i t e  with ch lor i te  and montmorillonite, hydrous micas ( i l l i t e ) ,  kaolin- 

i t e ,  and quartz were recorded. This procedure did not separate vermic- 

u l i t e ,  chlor i te ,  o r  montmorillonite. 

H. Transfer of Cs134 from L i t t e r  t o  Vegetation , 

To t r ace  the movement of radiocesium from l i t t e r  in to  vegetation, 

tagged leaves (from inoculated t r e e s )  were placed around 10 white 

oak saplings (1.5 t o  4.0 f e e t  height) growing on each of two s i t e s .  Old 

l i t t e r  was removed frbm a cir 'cle of 20 inches diameter around each sap- 

l ing,  and a i r  dry tagged l i t t e r  was subst i tuted.  Appltcations wcre made 

during the l a s t  week of June, 1960. 

On Landisburg s i l t  'loam s o i l  each sapling received an average ap- 

pl ica t ion  of 10.23 x lo7 dpm Cs134 i n  36 g l i t t e r .  An addi t ional  four 

saplings, with old l i t t e r  removed, each received 13-60 x lo7 d.pm Cs 134 

i n  aqueous form C 1  i n  we& HCI i n  a volume of 100 ml) i n  an a t -  

tempt t o  compare uptake rates, 

On Li tz  (a shallow coimterpart of sequoia) s i l t  loam s o i l  each 

6 
sapling received an average application of 9.96 x 10 dpm Cs134 i n  14  g 



l i t t e r .  Samples of 10 leaves per sapling were removed periodically dur- 

ing the growing season, and t h e i r  Cs134 a c t i v i t y  determined. A t  the end 

of the growing season, selected saplings were harvested t o  ascer tain 

t o t a l  uptake values. 

I. Seedling Root b s s e s  of C s  134 

Germinating acorns, collected Noveder 2, 1961, were planted i n  

12 ounce containers with perforated, bottoms i n  Ottawa sand ( ~ a k e r  md 

Adamson, Code 2170). The sand ws.s periodically saturated with Knop s 

nutr ient  solution, and cultures were maintained In the laboratory. 

Eighty dayo a f t e r  glanl;ingl, when ~hoo to  were 5.5 Lo 8.0 belies 

high and with f ive  leaves, Cs134C1 solution ( p ~  6.5) was applied t o  one 

l ea f .  The recipient leaf was immersed in to  a 15 by 52 m p l a s t i c  v ia l ,  

and Cs134 solution was added u n t i l  the en t i r e  leaf  blade was submerged. 

After 72 hours treatment, v i a l s  and recipient leaves were removed. 

Dis t i l led  water was leached through the cui~luiners 3n amounts equivalcnt 

tu 1.9 Inch of ra in  per  day f o r  two days. Leachates were collected i n  

waxed paper cups f o r  analysis. 

Plant  pa r t s  were separated f o r  analysis t o  deternine amount of 

f o l i a r  abeorptinn, end leaehetco and auld  were analyzed t o  determine 

~s~~~ losses from roots. 



I V a  PHYSICAL AND CHENICAL CHARACTERISTICS OF STUDY SITES 

A. Description of the So i l  Profi les  

The Monongahela s o i l   a able I) occurred i n  a bottomland topographic 

position, and it was developed from old a l l u v i a l  sediments washed from 

s o i l s  underlain by acid shales and sandstones. So i l  texture ranged from 

s i l t  loam t o  loam, and a well-developed hardpan occurred i n  the subsoil. 

It was strongly acid i n  reaction. This s i t e  was formerly a cultivated 

f ie ld ,  but it i s  now occupied by mixed hardwoods of which white oak 

( ~ u e r c u s  - alba L, ), red maple ( ~ c e r  - rubrum L. ), and yellow poplar 

(Liriodendron t u l i p i f  era  L. ) are overstory dominants . 
The Sequoia s o i l   a able 11) occurred i n  a gent ly sloping, south 

facing, upland posit ion on a strongly weathered residuum of acid shale. 

Texture ranged from s i l t  loam a t  the surface t o  clay In  the subsoil. It 

was well  drained with medium runoff and acid i n  reaction. An even aged 

stand of post oak ( ~ u e r c u s  s t e l l a t a  W a n g . ) ,  white oak, and pignut hickory 

( c a r p  glabra M i l l .  ) dominates the overstory vegetation. Building re- 

mains indicated tha t  t h i s  area was formerly cut over as  par t  of a home 

s i t e .  

These wet and dry shale s i t e s  are  both located on a b e l t  of Cona- 

sauga shale running i n  a northeast t o  southwest direction between Haw 

Rise and Copper ~ i d $ e  in  Roane County, Tennessee, 

The Laadisburg s o i l  la able 111) was i n  a bottomland posit ion ( toe 

slope) over Knox dolomite. This was a strongly acid col luvial  s o i l  high 

In chert content, and a well-developed fragipan was found In the subsoil  



Table I 

Prof i l e  Description, Monongahela S i l t  Lozm, Shale Wet S i t e  

Depth Texture (per Cent Color 
Horizon ( ~ n c h e s )  Ssnd Si l ;  Clai ( ~ o i s t )  Structure DH 

A 
P 0-7 33.2 57.7 9 . 1  Dark gmyish-brown Moderate medium granular, 5.2 

6~ YR 4/2) very fr iable 

B21 7-12 29.9 51.3 1 8  6 Yellowish-brown Weak t o  moderate mecium 4.7 
419 IR 514) subangular blocky, f r iable  

t o  firm 
TO 

B22 12 - 17 29.9 52. L 18.0 Yellowish-brown Moderate medium submgular 4.8 -r= 
(113 YR 514) blocky, firm 

B 
3M1 

17-24 29.4 44.7 25.9 Nettled; pale  yellow Massive 
(2.5 YR 7/4), l i g h t  
Gray (U YR 711)) and 
yellowish-brown 
(113 -fR 5/'6) 

24 -40 40.7 41.0 18.3 ~Iclt'tled; dark gray- 
brown (10 YR 412)) 
pcle  bmwn (10 YR 
6/  3))  and yellow 
(10 -YR 716) 

Massive 



Table I1 . 
ProI'ile Description, .Sequoia S i l t  Loam, Shale Dry S i t e  

- - - - - 

Depth Texture (per cent) co 1; r 
Horizon (~nches )  Sand S i l t  Clay ( ~ o i s t  ) Structure PH 

*1 
0-2 24.4 66.7 8.9 Dark grayish-brown Weak medium crumb, very 5.3 

(10 YR 412) f r iab le  

A, 2-8 24.3 60.0 15.7 Pale yellow Moderate medium granular, 
C 

4.8 
(2.5 YR 714) f r i ab le  

IU 
VI 

B1 
8-12 1 .  50 .O 30.1 Br~wnish~yellow Moderate small and medium 4.9 

(10 YR 616) subangular blocky, moder- 
a te ly  firm 

B2 
12 - 18 6 . 6  39.6 43.7 yellowish-brown Moderate . f ine subangular 4.9 

(10 YR 3/81 blocky, firm 

C 18-27 20.0 37.5 42.5 Variegated; strong Mas s ive 
brown (7.5 YR 5/8), 
yellowish-red (5 YR 
5/8), and brownish- 
yellow (10 YR 616) 



Table I11 

Prof i le  Description, 'landisburg S i l t  Loax, Dolonitic Wet S i t e  

' Depth "xture (per cent) Color 
Horizon ( ~ n c h e s )  Sand S i l t  Clay ( ~ o i s t )  St.ruc t u r e  PH 

0-1 26.1 6 . 1  8.8 Dark grayish-brown Moterate medium crumb, 6.3 
(10 YR 4/2) very f r i z b l e  

*2 
1-8 21.6 6 6 7  11.7 P z l e b r o ~ m  MoCerate f i n e  and mzdium 6.2 

.(lo YR 6/31 g r ~ n ~ l a r ,  very f r i a b l e  

8-10 
A3 

19.8 .6l.7 18.5 YsllowZsh-brown Strong medium granular 5.8 
(10 YR 5/6) f r i a b l e  

B1 10 - 14 18.2 61.5 20.3 3rownish-yellow (10 FR 
6!6) t o  yellowish- 
brown (10 ?R 5/8) 

B 3m 26-34 1 5? .3 22.1 Reddish-yellow (7.5 
3 616: with l i g k t  
brownish-gray (1~1 YR 
6;2) ar_d strong tram 
(7.5 YR 5/6) mott"les 

B w 34-65 21.9 5 .  23.6 Brownish-yellow (10 
TR 6/6) with strcng 
brown (7.5 YR 5/6), 
m d  l i e h t  brownish- 
gray (10 YR 6/2) 
muttlee 

Mcaderate medium subangular 5.5 
blccky, f'riable 

Mcderate -ae~iumsubangular 5.1 
blwky, mdera te ly  f i n n  

Stmng medim angular 5.2 
blozky 

Mo32rate medium p l a ty  5.6 



a t  26 inches. The texture was s i l t  loam throughout the profi le ,  but in- 

t e r n a l  drainage was slow due t o  %he presence of the fragipan. S i t e  lo- 

. cation was i n  a stream cut running north t o  south through Chestnut Ridge, 

Roane County, Tennessee. Once cut over as  a home s i t e ,  the dominant 

overstory was white oak with scattered beech (~a ,gus grandifolia ~ h r h . )  

and blue beech (carpinus caroliniana ~ a l t . ) .  

The Fullerton s o i l   a able IV) was an upland residual s o i l  over 

Knox dolomite. It was deep and well drained with depth t o  bedrock rang- 

ing from 10 t o  30 f ee t .  Texture ranged from s i l t  loam a t  the surface t o  

clay i n  the subsoil  and the reaction was acid. Slope a t  t h i s  s i t e  was 

10 t o  15 per cent with s l igh t ly  eroded areas giving the surface an ir- 

regular configuration. Located on a north facing slope of Chestnut 

Ridge, Anderson County, the overstory was dominantly oak-hickory. 

Be Si te  Moisture 

~ e s i s t a n c e  readings taken a f t e r  heavy rains  ( so i l s  approximately 

a t  f i e l d  capacity) through a re la t ive ly  dry period (four rains)  of 30 

days indicate re la t ive  soil moisture conditions. Figure 3 i l l u s t r a t e s  

the per cent "available water" readi r i s  a t  6 and 12 inch depths f o r  each 

so i l .  The surface layers i n  the upland s i t e s  tend, i n i t i a l l y ,  t o  lose 

mois.l;ure fastel- thm the bottomland s i t e s .  Data f o r  the l a t t e r  half  of 

the 3Q day period indicated much more available moisture i n  the  bottom- 

land s o i l s  a t  both depths. In  general, bottomland s o i l s  contained about 

14 per cent more available water a f t e r  the 10 day dry period from 

Septeniber 14 t o  20. 



Table I V  

Profile Descriptior-, Fullerton S i l t  Loam, Doloxitic Dry Si te  

Depth T e x t ~ r e  (PET cent) 
Horizon (~nches )  Sand Silt clay 

Color 
(~oist) Structure DH 

*1 0-1 20.5 3 . C  9.5 Ilarkgrayish-brow2 Moderate f ine  crumb, very 6.7 
(10 YE 3/21 ' fziable  

*2 1-7 14.7 64.5 20.8 Erowni.;h-yellow S~rong  medium granular, 5 2 
( l o  YR 6/6) f r i ab le  

A3 7-9 11.6 7 ' 32.7 strong brow 
(7.5 YR 6/6) 

strong medium granular, 4.8 
f r i ab le  

TU 
0 3  9-11 8.9 43.3 50.8 Yellowish-red Moderate medium subangular 4.9 

( 5  YR 4/81 biocky, firm 

B2 11-26 6.9 20.5 62.6 Y?llow:sh-red Moderate medium subangular 5.0 
( 5 .  YR k/9) blocky, firm 

B3 
26-48 9.5 23.3 67.2 irariegeted; yellowisk- Mc-derate medium and large 5.2 

red (5 YR 4/6) and s~=bangular blocky, firm 
-3rownis.h-yellow 
(10 YR 6/8) 

48 -60 8.0 23.4 68.6 -J.ariegzted; yellowish - Weak medium subangular 5.3 
red (5 YR 4/#5) and blocky, firm 
browni~h-yellow : 10 YR 6/8) 



Fig. ,3. S o i l  Moisture at  6 and 12 Inch Depths. 



Both bottomland s o i l s  (~onongahela and ~andisburg)  a re  s i tua ted  

between prominent ridges, and receive runoff and probably in t e rna l  drain- 

age from adjacent s o i l s .  

C. Exchangeable Bases and Clay Mineralogy 

Anknium acetate ,  pH 7.0, exchangeable bases f o r  each s o i l  p ro f i l e  

a r e  presented in Table V. In  general, the shale s o i l s  were r icher  i n  

exchangeable Na, K, and Mg than the d.olomitic s o i l s  which were r icher  i n  

exchangeable Ca. Figures 4 and. 5 show exchangeable K by  oil depth, m.d 

each p r o f i l e  i l l u s t r a t e s  the  charac te r i s t ic  accumulation of t h i s  element 

i n  t he  B horizon of pnd.znl i c s o i l s .  

The wet s o i l s  tend t o  be  higher i n  Na and K content i n  the  sur- 

face  and subsoil .  The dry s o i l s  have s l i g h t l y  more M g  i n  the  subsoil .  

P ro f i l e  d i s t r ibu t ions  of c lay  (pa r t i c l e s  l e s s  than .002 mrn diam- 

e t e r )  a r e  shown i n  Figure 6. The d.ry s o i l s  show a much grea te r  incrcase 

i n  c lay with depth than the wet so i l s .  The Fullerton and Sequoia sub- 

s o i l s  have over 40 per  cent clay, whereas the  Landisburg and Monongahela 

do not exceed 26 per  cent. 

X-ray 8iE'rYaction analyses of B horizons for  each soil are shown 
2 

i n  Figure 7. Dominant c lay minerals, i n  order of decreasing abundance 

a re :  kaol ini te ,  i l l i t e ,  vermiculi.te (with montmorillonite), and quartz 

i n  the  Fullerton; koal ini te ,  vermiculi te (with mont~morillonite), quartz, 

and i l l i t e  in  the  Landisburg; hydrous micas ( i l l i t e ) ,  kaol ini te ,  and 

quartz i n  t he  Sequoia; and hydrous mica.s (i3.lit.e)) vermiculite (with . 

montmorillonite), kaol ini te ,  and quartz i n  the  Monongahela. 



Table V 

Exchangeable Bases i n  Soi l  Profi les  

So i l  1 N Ammonium Acetate ~ x c h a n ~ k a b l e  
and Depth me/100 g 
Horizon (1n. ) N a  K C a  Mg 

Fullerton 

Landi sburg 

B 
3M1 

26-34 .O22 .174 .125 .525 

B3= 34-65 
.032 .192 ,120 ,333 

Sequoia 

*1 0 -2 ,050 487 4.250 1.416 

A2 2 -8 .05h .I23 .160 .542 

R1 8-12 -013 .333 ,130 533 

B2 12 - 18 .022 .461 ,050 1.000 

18-27 .068 .251 ' .020 1.666 
Monongahela 



- POTASSIUM (PPM) 

Fig. 4. A m n o r ~ i ~ m  Acetato Exchangeable Potassium i n  Dolonitic S o i l  
Profiles . 



UNCLASSIFIED 
'ORNL-LR-DWG. 63161 

SEQUOIA  

P O T A S S I U M  (PPM) 

Fig. 5. AmonLllrn Acetate Exchangeable Potassium i n  Shale So i l  Prof i les .  



PER CENT, C L A Y  
Fig. 6 .  Soil Deptk and Per Cent Clay. 



UNCL'ASSIFIED 
ORNL-LR-DWG. 68182 

. . 
FULLERTON Bp 10 - 

SEQUOIA B2 

MONONGAHELA B22 

Fig. 7. X-ray Diffraction Analyses for B Horizons 
2 

(K = kaolinite, V = vermiculite - montmorillonite, 
I = iliite, ID! = hydrous micas, Q = quartz) 



Clearly, the  Sequoia and Monongahela s o i l s  a r e  i l l i t i c  i n  nature. 

This would be expected t o  give them a grea te r  capacity t o  f i x  K and Cs 

than the Ful ler ton and Landisburg s o i l s .  

The presence of the 2 t o  1 type l a t t i c e  c lay minerals such a s  il- 

l i t e  and vermiculit'e would enhance t o t a l  cation exchange capacity other  

f ac to r s  being equal. I n  decreasing order of cation exchange capacity, 

t he  c lay minerals a r e  montmorillonite > vermiculite > i l l i l ; e  > kaol in i te .  

X-ray d i f f r ac t ion  analyses f o r  Landi~burg horizons a r e  shown i n  

Figure 8. The weathering sequence in p r o f i l e  development i s  i l l u s t r a t e d  

by increasing prominence of vermiculite and decreasing prominence of 

kao l in i t e  from lower t o  upper horizons. The presence of r e l a t i ve ly  large 

amounts of vermicul i t ic  minerals i n  t h i s  s o i l  (dolomitic wet) would ap- 

pear  t o  give it a grea te r  Cs-fixing po ten t i a l  than the  Fullerton s o i l  

(~amnra  and Jacobs, 1959), 

D. Scable Cesiuii~ 

,The  quant i t i es  and d is t r ibu t ion  of s tab le  C s  In  t h i s  area  were 

unknown. Determination of s tab le  Cs values  a able VI) by ac t iva t ion  

analysis  gave new information on t h e  na tura l  occurrence of t h i s  element. 

A y ie ld  of 84.5 2 3.6 (s.e.)  per  cent of t o t a l  cesium was achieved i n  

act ivated s o i l  samples ' a f t e r  digestion and separation of i ron and scand- 

ium. Table values have been adjusted accordingly. 

Cesium values increased with s o i l  depth i n  each prof i le .  The 

l i n e a r  re la t ionsh ip  between clay content of s o i l  horizons and t o t a l  ces- 

ium i s  i l l u s t r a t e d  i n  Figure 9.  The coeff ic ient  of cor re la t ion  i s  0.871, 



Fig. 8. X-ray Di f f rac t ion  Analyses f o r  Landisburg S o i l  Horizons. 

(1.1 = kao l in i t e ,  V = vermicul i te  - mgtmor i l lon i t e ,  
I = i l l i t e ,  Q = quartz), 



Table V I  

Results of Activation Analyses of Cesium i n  Soils and White O a k  Leaves 

Source of Sample PPm C s  Mean f s.e.  

Fullerton Horizons 

A1 2.96 

% 3-57 
A 

3 5.3.2 

B1 6.38 
B, 

C 8-33 

B3 8.39 
7.90 

Ammonium Acetate 
Exchangeable A 

1,2,3 0.02 

B1, 2,3 
0.06 

White O a k  Leaves 2.71. 

Landisburg Horizons 

*1 2.4.0 
2-96 

A 
3 3 63 

B1 3.93 

Rz 2.94 
J3 

3M1 3-71 
B 

3l.Q 3 65 
Exchangeable A 

1,2,3 
0.01 

Dl, 2 
0.03 

White O a k  Leaves 1.43 



Table V I ,  continued 

Results of Activation Analyses of Cesium i n  Soi l s  and White Oak Leaves 

Source of Sample P P ~  C s  Mean + s.e. 

Sequoia Horizons 

A1 

A2 
B i  

B2 

Exchangeable A 
132 

B1, 2 
White Oak Leaves 

Monongahela Horizons 

B21 

B22 
B 

3 M 1  
B 

3= 
Exchangeable A 

P 

B2 
White Oak Leaves 

Grand Means 

So i l  Horizons 

Ammonium Acetate Exchangeable 

While O a k  Leaves 
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which i s  s ignif icant  a t  the 1 per cent level.  The standard er ror  of 

estimate i s  1.03 f o r  observed Cs values. The mean values f o r  prof i les  

c luster  around the 5 ppm world average fo r  s o i l s  given by Vinogradov 

(1959) 

The quantity of ammonium acetate  exchangeable Cs (presumably 

available for  plant uptake) i s  small, 0.027 + 0.006 ppm. In  a l l  so i l s  

the B horizons had a higher value than the A horizons. Expressed as  per  

cent of t o t a l  Cs ,  the grand s o i l  mean i s 0 . 6 1  + 0.06 per cent exchange- 

able. 

The most s i t e  variation i n  s table  Cs was found i n  white oak leaf 

contents, which ranged from 1.04 t o  2.71 ppm. Leaves from shale s i t e s  

with higher available K values tended t o  have lower C s  contents than 

those from dolomitic s i t e s .  The r a t i o  of mean leaf Cs t o  mean t o t a l  s o i l  

Cs was 0.3'jlwhich i s  similar t o  the average r a t i o  of 0.400 found by 

Yamagata, e t  a l .  (1959) f o r  native Japanese plants growing on a var iety 

of so i l s .  . ' 

Stable Cs concentrations in . leaves,  though small, were large com- 

pared with quantit ies of Cs134 reaching 'leaves g f t e r  inoculationo with 

almost 4.0 per cent of inoculated Cs134 moving in to  leaves during the 

growing season, the r a t i o  of s table  Cs t o  Cs134 was 2.1 x lo3. Total 

s table  C s  in  leaves, calculated from the mean leaf value of 1.64 f 0.41 

ppm and a mean t o t a l  leaf weight per t r e e  of 907.0 f 9.9 g dry weight 

(12 t rees) ,  was 1.48 mg per t ree.  With 40 per cent of the inoculated 

- 4 C s 134 i n  leaves, a value of 6.88 x 10 mg per t r e e  was attained. 

Figure 10 represents the cycle of s table  Cs i n  white oak t rees .  
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With estimates of 1960 losses due t o  leaching by rain &d l i t t e r  f a l l  as  

a basis,  a l i t t l e  over 0.2 mg of s table  Cs would be leached out of the 

leaves and s l igh t ly  over 0.5 rng would reach the ground a s  l i t t e r  f a l l  

each growing season. 



V. GAINS AND LOSSES OF CESIUM-134, 1960 GROWING SEASOW' 

A. ~otassium-42 and cesium-134 Inoculations 

Rapid movement of both K42 and ~s~~~ in to  leaves occurred i n  two 

t r e e s  double tagged with these radioisotopes. The Mauget feeders on the  

t r e e  growing on Monongahela s o i l  (shale  wet s i t e )  emptied in l e s s  than 

1.5 hours. Table V I I  gives l ea f  concentrations of radioisotopes 1.5 and 

21.5 hours post  inoculation.  After 1 .5  hours the  t o t a l  gama a c t i v i t y  

6 2 ranged from 2.82 x 10 t o  1.74 x 10 dpm per  g dry weight of leaves. 

Limb-to-limb va r i a t i on  was large, but  an appreciable amount of both ra -  

dioisotopes was d i s t r ibu ted  over t he  e n t i r e  crown. The mean K t o  C s  r a t i o  

i n  leaves a f t e r  1.5 hours was 1.44 -1: 0.07 ( s ee . ) ,  and a f t e r  21.5 hours it 

was 1.34 * 0 . l l w i t h  more t o t a l  a c t i v i t y  present.  Potassium appeared t o  

b.e p r e f e r en t i a l l y  taken in to  buds Q( t o  C s  of 3.99 sampled a t  the  top of 

the  crown. This might i n  p a r t  explain a tendency f o r  the  K t o  C s  r a t i o  

in leaves t o  be  below t h a t  expected from the  i n i t i a l  r a t i o  of the  two 

radioisotopes ( ~ 8 9 ) .  A r a i n f a l l  sample col lected under the  t r e e  during 

the  night following inoculation (0.8 inch r a in )  a l so  showed a tendency 

f o r  enrichment of the  K t o  C s  r a t i o  (4.05, based on 75 dpm Cs134 per  m l ) .  

A second double-tagged tree growing on F'ullerton s o i l  (dolomitic 

dry s i t e )  exhibited a s imi la r  pa t t e rn  of distr i 'bution  a able VIII). From 

an i n i t i a l  Kk2 t o  Cs134 r a t i o  of 2033, leaves a t ta ined  s mean r a t i o  of 

1.32 f 0.29 a f t e r  24 hours. 

h a t e r i a l  i n  t h i s  chapter has been published (witherspoon, 1962) 
using a 2.3 year h a l f - l i f e  f o r  CS-134 instead of the  more recent ly  de- 
termined 2.07 year h a l f - l i f e  now used. 



Table VII 

Ganma Activity i n  White Oak ( ~ u e r c u s  - alba L.) 

Original. quanti ty of t r ace r  introduced: ~ 4 2 ,  3.78 mc; 
C S ~ ~ ~ ,  2.00 mc. K/CS ra t io :  1.89 

Height Above Part  Szmpled Gama Activity (dpdg)  and K/CS Ratios 
Inoculation anC 1.5 h r  After Inoculation 21.5 h r  After Inoculation 

( ~ e e t  ) Designst ion Cs -134 K/ Cs* C s  -134 K/Cs* 

Leaves 
N 

N 

S 

E 

N 

W 

E 

N 

W 

E 

N 

S 

Buds 

- - - 

* ~ o r r e c t e d  f o r  decay. 



Table V I I I  

Gamma Activity i n  White Oak 

Original quantity of t r a  e r  introduced: 
K ~ ~ ,  4.46 mc; C&3E, 2.00 mc. 

K/CS ra t io :  2.23 

Height Above Part  Sampled Gamma Activity (dpdg) and K/CS Ratios 
Inoculation and 24 h r  After Inoculation 

(Feet) 
cs -13G - ...a, .--- 

Designation 

* 
Corrected f o r  decay. 



. On the  bas i s  of these observations, the  movement of C s  134 i n  t r e e s  

seems t o  have been about a s  rapid as  t h a t  of K42, and the quant i t ies  in-  

volved were a lso  s imilar  shor t ly  following trunk inoculation. There was 

no s ign i f ican t  difference between t r ee s  i n  mean K t o  Cs r a t i o s  i n  leaves 

a f t e r  24 hours. Apparently s i t e  charac te r i s t ics ,  such .as avai lable  K i n  

so i l ,  which might tend t o  reduce C s  movement, o r  favor K movement, did not 

influence i n i t i a l  Cs movements from inoculated trunks in to  leaves. 

B. Movement of Cesium-134 in to  Leaves 

The ear ly  a c t i v i t y  levels  i n  fol iage was re la ted  t o  the  emptying 

r a t e  of the  Mauget feeders. Time of emptying varied from 1.5 hours t o  9 

days. Feeders on shale dry s i t e  t r ee s  emptied i n  7 t o  9 days, probably 

because they were inoculated just  as  t h e i r  leves were emerging from the 

buds. Once the leaves reached a s i ze  of three- fourth^ inch in length, 

feeder emptying proceeded more swif t ly .  Feeders on t r e e s  a t  the  other  

three s i t e s  emptied i n  from l e s s  than 1 .5  hours t o  3 days.. Variation i n  

emptying r a t e  between feeders on the  same t r e e  was probably due t o  lack 

of feeder contact with enough vascular t i s sue  t o  insure maximum translo-  

cation. A l l  t r e e s  were inoculated on days favorable f o r  t ranspirat ion,  

i . e .  hot and dry. It was necessary t o  drive the feeder tubes about one- 

half  inch in to  the trunk, and, with t r ee s  of 0.8 t o  2.7 inches dbh, the  

.I;.uLes ,undoubtedly passed through the main cap s t r ~ a r n  i n  many cases. 

In  a l l  12 t rees ,  l ea f  a c t i v i t y  levels  increased up t o  three o r  

6 
four weeks following inoculation when concentrations of lo5 t o  10 dpm 

per g dry weight were observed. After t h i s  time decreases i n  a c t i v i t y  



were observed u n t i l  the  end of the  growing season. Figure 11 shows these 

trends i n  mean leaf  a c t i v i t y  f o r  a l l  t r e e s  during the growing season. 

Tota l  movement of inoculated Cs134 in to  leaves was estimated by 

multiplying mean leaf  values per  t r e e  by estimated t o t a l  leaf  weight per 

t r e e  (see  Chapter I X  on mensuration of harvested t rees ) .  .Table I X  gives 

mean leaf  values f o r  each t s e e  a t  time of observed maximum concentration 

arid at t h e  end of the  growing season. The var ia t ion  between leaf cnn- 

t e n t s  of sampled b r a n c h e ~  tended t o  decrease during the season, a s  i l l u s -  

t r a t e d  b y  smaller standard e r rors  of means a t  the  end of the  season. 

Maximum movement in to  leaves was grea te r  on the dolomitic s i t e s ,  

both wet and dry, with 58.0 + 4.2 and 51.7 f 14.0 per cent of the  o r ig i -  

n a l  inocvlation, respectively, moving in to  leaves. The shale dry and wet 

s i t e s  with 40.9 f 16.7 and 7.8 f. 1.8 per cent, respectively, were s ignif  - 
icmtly diSSerent ('I per cent l eve l )  from dolomitic s i t e s  i n  an analysis 

of variance comparing s i t e  geology and m n i  s t , i l r ~  ( ~ a h l e  X) Since shale 

dry s i t e  t r e e s  reached maxima. a.lnost. as great a.s thnse on, dolomitic ~ i t . c a ,  

it i s  probable t h a t  t he  low values fo r  shale wet s i t e  t r e e s  were due t o  

t h e i r  inoculation a t  a time i n  the growing season l e s s  f a . v n r a h 1 ~  for 

t ranslocat ion.  By the  end of the growing season, a mean reduction from 

observed maxima of 63.8 + 5.1 per cent (range, 30.6 t o  88.4 per cent) was 

found. No s ign i f ican t  difference was found between s i t e s   a able X) . 

C. Losses from Leaves 

The f i r s t  r a in s  following inoculation s t a r t ed  leaching Cs134 from 

the  leaves. Rain water samples collected under- the crowns of four t r ee s  
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Table I X  

Mean cesium-134 Act ivi ty  i n  White Oak Leaves, 1960 Growing Season 

- 

S i t e  Number of Mean dpm per  g dry w t .  -I standard e r r o r  
and Branches Observed Maximum End of eason 
Tree Samled  x 106 x 10 g 



Table X 

Analyses of Variance 

Stages o f  ~ s l - 3 ~  Transfer, 1960 Growing Season 

Degrees of F 
Source  reedo om SS MS Calculated F.05 F.O1 

. . 

Maximum Per Cent of Inoculation Reaching Leaves 
A. Moisture 1 1229.18 1229.18 3-65 5.12 
B. Geologp 1 2704.50 2704.50 8.01 5 . 2  10.56 
C. In te rac t  ion 1 ~ 3 . 4 5  503.45 1.72 5.12 
D. Subtotal  3 4437.13 1479.04 
E. Within 8 2334.58 291.82 
F. Total  11 6971.71 633.79 
G. Residual 9 3038.03 337.56 

Per Cent Reduction of Leaf Maximums During Season 

Per Cent of Leaf Maximum Leached Out by Rain 

Per Cent of Leaf Maximum Returned t o  Wood 

3 i i y .  397.34 
8 2270.06 283.76 

11 3463;28 314.84 
9 2854.42 317.16 

* 
Signif icant  a t  .5$ level .  



contained Cs134 a c t i v i t y  wel l  i n  excess of control  r a in  samples collected 

some dis tance away from inoculated t r ee s  ( ~ i g u r e  12). Light d r izz l ing  

r a in s  tended t o  leach out more radiocesium than s imilar  quant i t i es  of 

r a i n  f a l l i n g  a s  heavy showers. Rain a f t e r  a dry period tended t o  leach 

out  more than r a in  i n  the middle of a wet period. Five m l  r a in  samples 

contained a s  l i t t l e  a s  19 dpm and a s  much a s  780 dprn above control  ra in  

samples. Figure 13 shows the a c t i v i t y  of several  r a in  col lect ions  and 

random l i t t e r  samples under an inoculated t r e e  on the dolomitic wet s i t e .  

The increase i n  l i t t e r  a c t i v i t y  varied a s  a f'unction of' kind and amount 

of ra in .  

A t  t he  end of the  growing season ( l a t e  September), radiometric 

analyses of understory, l i t t e r ,  and s o i l  indicated t h a t  appreciable 

quant i t i es  of radiocesium had been leached out of inoculated t rees .  

2 Table X I  gives quant i t i es  of found i n  a m g r id  under the  t r ee s .  

Understory, l i t t e r ,  and s o i l  values were added a s  an estimate of the 

t o t a l  leached out of each t r e e  by ra in .  Measured t o t a l  a c t i v i t y  i n  

leaves a t  the  end of the  season was added t o  ra in  loss, and t h i s  sum was 

subtracted from maximum leaf values t o  obtain estimates of radiocesium 

movement t'rom leaves Back Into woody 'Llssues. Table XI1 gives pel-cc-11%- 

ages involved i n  these stages of t r ans fe r  during the growing season. 

Losses due t o  ra in  ranged from 7.4 t o  21.1 per cent (average, 

12.6 f 1.2) of observ,ed leaf  maxima i n  the 12 t r ee s .  The sigri if icant in- 

t e rac t ion  i n  the  analysis of variance of per cent of leaf  maximum leached 

out by r a i n  (Table X) may have been due t o  the timing of the  experiment. 

The shale s i t e  t r e e s  tended t o  lose  a la rger  percentage of radiocesium 
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Table X I  

Microcuries of Cs134 In  an3 Around Inoculated Trees at the  Endof  the  1960 Growing Season 

S i t e  G r o w i n g  Sea- In  Leaves In  In  Total  So i l  Depths 
wd son Maximum End of Grox- Rained Vegetation L i t t e r  i n  0 - 1" 1-2" 2-4" 
Tree i n  Lesves ing Season Out (N = 4) ( N  = 20) S o i l  (N = 40) (N = 40) ( N  = 40) 
DD1 1109.72 ' 643.89 121.92 4.10 19. 51  98.31 64.47 27.29 6.55 



Table X I 1  

Stages i n  Trarrsfer of Cesium-134, 1960 G - o w i r s  Season 

Parent Material Ealcmite Sk-ale 
Topography Dry hr2 t Dry Wet 
So i l  Series Fullerton* L a n u  s b u r p  Sequoia* Monongahela* Grand Means 

- - - p p ~  ppp 

Per Cent of Input 

Maximm in. lea~res *..G + 4.2 51.7 14.0 40.9 -1- 16.7 7.8 + 1.8 39.6 + 6.2 
Per Cent of Leaf Paximm 

In  leaves end cf season i8 .9  + 10 .Em 42.8 + 19.6 20.9 f 6.8 30.9 + 2.7 36.2 + 5.1  

~ e t u r n e d  into ~ r e e  wood h1.8 + 11.2 45.9 + 14.6 68.6 + 5.5 49.6 + 3.1 51.2 * 4.5 
Rained out. 9.3 + 1.2 11.3 * 2.3 10.5 * 9.3 19.5 -I 0.9 12.6 5 1 .2  

Per Cent of '  Activity 
Rained Cut . 

In understory 3 . 0 +  0.3 9.3 5 3.0 7.6 + 3.3 5.6 + 3.3 6.3 + 1.0 

In  l i t t e r  27.3 + 9.0 -3.5 + 0.5 18.4 + 2.3 10.8 + 1.1 16.5 + 3.0 
In  s c i l  

Per Cent of Act iv i ty  
i n  0 t o  1 In. So i l  

0 t o  1 in. 73.9 + 7.G 65.E +. 0.7 6,3.8+ 1.5 28.7 + 2.8 59.2 + 5.5 
1 t o  2 in.  . 19..0 -1 7.5 . + 1.0 25.2 + 01.8 37 .7 '2 .5  2 3 . 9 ' 3 . 1  
2 to 4 in. '7.1 + 0.3 2 .  9.9 7.0 + 1.2 33.6 + 2.4 16.9 + 3.1 

-x- 
Mean of three trees + s.e. 



than those on dolomitic s i t e s .  

Only a small portion of t h i s  Cs134 was contained i n  understory 

vegetation, 6.3 5 1.0 per cent of the t o t a l  leached out by ra in .  Quan- 

t i t y  of understory vegetation, however, varied g rea t ly  from t r e e  t o  t r ee .  

By the  end of the growing season, 77.2 f 2.9 per cent of the  ra in- t rans-  

f'erred radiocesium had reached the mineral s o i l .  

A de f in i t e  pa t te rn  of a c t i v i t y  distri 'bution was found around t r ee s .  

Larger quant i t i es  were found i n  s o i l  and l i t t e r  near the  trunks than i n  

any area of s imilar  s i z e  under the  crown. This was presumably due t o  

la rger  amounts of r a in  flowing down the stem. Most of the  a c t i v i t y  was 

found under the  crown with only small amounts found a t  distances several  

f e e t  from crown perimeters. This d i s t r i bu t ion .pa t t e rn  i s  discussed i n  

d e t a i l  i n  Chapter.VII1. 

Estimates of radiocesium which had moved back in to  woody t i s s u e  

did not vary s ign i f ican t ly  ,from s i t e  t o  s i t e   a able x). A mean value of 

5 i . 2  f 4.5 per ,  cent of leaf  maximums was presumed t o  have returned t o  

wood' by the end of . . .  , t he  season, leaving 36.2 t 5.1 per  cent t o  

f a l l  t o  the  ground a s  l i t t e r .  This annual l i t t e r  f a l l  would add about 

three times m r e  radiocesium t o  the f o r e s t  f l oo r  than ra in .  Much of t h i s  

amount would be subsequently J'eached from l i t t e r  and t ransferred '  in to  the  

mineral soi l . ,  . . I ' 

Figure 14 depicts  the  mean gains and l o s s e s  of -Cs1j4 in white oaks 

during the 1960 growing season. From a maximum of about 40 per cent of 

the  inoculation which reached the leaves, almost 49 per cent was l o s t  * 

during the growing season. A l i t t l e  over one-fourth of t h i s  loss  was 
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due t o  the  leaching act ion of rain, the  remaining three-fourths due t o  

annual l i t t e r  f a l l .  

D. cesium-134 Mobility i n  L i t t e r  and S o i l  . . 

. The f a t e  of radiocesium reaching the  ground in r a i n  varied 'from 

s i t e  t o  s i t e .  The percentages of rain-exported cs134 i n  the  l i t t e r  l ayer  

of wet s i t e s  were s ign i f i can t ly  lower (5lper cent l eve l )  than those of 
. .  . 

dry s i t e s   a able XIII). Dolomitic dry and shale dry s i t e s  held 27.3 f 9.0 

and 18.4 + 2.3 per cent, respectively, o f . t h e  r a in  l o s s  i n  t h e i r  l i t t e r  

layer .  The dolomitic and shale ve t  s i t e s  held only 9.3 f 0.5  and 10.8 f 

1.1 per cent, respectively.  For a l l  s i t e s ,  16.5 * 3.0 per  cent remained 

a t  the  end o f  the growing season; while 77.2 + 2.9 per  cent had reached 

the  mineral s o i l .  

S i t e  differences i n  downward movement were found between s o i l s .  

Mobility was grea te r  i n  the  Landisburg and Monongahela (wet s i t e )  s o i l s .  

Figure 15 indicates  the  mean percentages of t o t a l  s o i l  Cs134 found a t  

three  s o i l  depths. In  the  0 t o  1 inch layer  three  s i t e s  showed no s ig -  

n i f i can t  difference  a able XIV), but  the  shale wet s o i l  was s ign i f i can t ly  

lower ( 1  per  cent l eve l )  than the  others.  In  t he  1 t o  2 inch layer  the  

shale wet s o i l  was s ign i f ican t ly  higher i n  Cs134 than the  dolomitic wet 

o r  dry s o i l s .  Percentages i n  the 2 t o  4 inch layer  of wet s o i l s  aver- 

w e d  4.5 times higher than f o r  dry s o i l s .  These differences i n  mobili ty 

were probably functions of both moisture ' s ta tus  and s o i l  morphology, and 

they w i l l  be discussed in  Chapter X. 



Table XI11 

Analyses of Variance 
Cesium134 i n  L i t t e r  and So i l  a t  Ehd of 1960 Growing Season 

Degrees of F 
Source Freedom SS MS Calculated F.05 F.O1 

Per Cent of Rained Out  Cs134 i n  L i t t e r  layer  

A. MoisturM 1 493.44 ' ,493.44 9.42 5.12 10.56 
B. Geology 1 42.07 42.07 0.80 241.00 
C. Interact ion 1 82.01 82.01 1.68 5-  32 
D. Subtotal 3 617.52 205.84 
E. Within 8 389 49 48.69 
F. Total. 11 1007.01 91.55 
G. Residual 9 471.50 32.39 

Per Cent of Total S o i l  ~s~~~ i n  0-1 In. Soi l  Layers 

Per Cent of Yotal So i l  Cs134 i n  1-2 In. So i l  b y e r  

Per Cent of Total So i l  Cs134 i n  2-4 In. So i l  Layer 

* 
Significant a t  5% level.  

H 
Significant a t  1% level.  
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Fig. 15. Average Per Cent of Total  S o i l  Cs134 i n  0 t o  4 Inches Depth a t  
E r d  of 1960 Growing Season. 



Table X I V  

1 
Comparisons of S i t e  Mean cesium-134 Values i n  L i t t e r  and So i l  on the Four 

Si tes ,  1960 Growing Season 

Mean Per Cent of Rained Out Cs-134 i n  L i t t e r  Layer 

18.0 (20.~)" 16.5 (20.1) 8.9 (19.1) 

9.1 (20.1) 7.6 (19.1) 

1.5 (19.1) 

Mean Per Cent of Total So i l  CS-134 i n  0-1 In. Depth 

M ~ a n  P P ~  C ~ n t ,  ~f Tot-a1 Soi 1 cs-134 i n  1-2 Tn. nept,h 

Mean Per  CenL ul' ToLal Sv l l  CS-134 111 2-4 Ell .  D e p L 1 ~  

I 
Duncan's multiple range t e s t .  

'Number i n  parenthesis i s  s ignif icant  studentized range f o r  the 1% level .  
3tX 

Significant a t  1$ level .  



VI. TRANSFER OF CESIUM-134 FROM LITTER TO VEGETATION 

A. Uptake by Leaves Through Growing Season 

Although t o t a l  uptake values were low, radioces ium movement from 

l i t t e r  in to  white oak saplings was very rapid. On Landisburg s i l t  loam 

s i x  days. a f t e r  application of l i t t e r ,  and with 1.7 inches of rain,  sam- 

p les  of 10 leaves per  sapling contained from 23 t o  206 dpm per g dry 

weight (mean, 100 5 30). Figure 16 shows average uptake by leaves of 10 

saplings growzng on each of two s o i l s  (Landisburg and ~ i t z )  through the 

growing season. The a c t i v i t y  of these samples increased with time, but 

plant  t o  plant  var ia t ions  were large, pa r t i cu l a r ly  i n  those on the  Landis- 

burg s o i l .  Higher quant i t ies  of radiocesium which moved in to  leaves i n  

saplings on the Landisburg were presumably due t o  higher i n i t i a l  appli-  

cation. When leaf uptake i s  expressed a s  percentage of applied l i t t e r  

a c t i v i t y  (Figure 17), saplings on the Li tz  s o i l  appeared t o  take up more 

radiocesium than those on the Landisburg. The plant  t o  plant  var ia t ions  

were large on both so i l s ,  however, and the overlapping of standard e r rors  

of the means p l o t t e d . i n  Figure 17 indicate  t ha t  l ea f  uptake on the  two 

s o i l s  did not d i f f e r  s ignif icant ly .  

The per  cent.'uptake from l i t t e r  was almost as  rapid as t h a t  from 

solution applications ( ~ i g u r e  18). Radiocesium quant i t ies  were grea te r  

i n  leaves of saplings around which solution applications were made 

(Figure 19). This i s  because approximately two times more radiocesium 

was involved i n  the solution treatments, and t h i s  was ref lected i n  

quant i t ies  which reached the leaves. 



UNCLASSIFIED 
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DAYS POST LITTER APPLICATION 

Fig. 16. Average ~s~~~ Uptake by Leaves of 10 White Oak Saplings from 
Tagged L i t t e r  on Each of Two Soils.  
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DAYS POST LITTER APPLICATION 

Fig. 17. Average Per Cent Uptake of' ~s~~~ by Sapling Leaves From Tagged 
L i t t e r  Applied t o  Two Soils .  
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DAYS AFTER APPLICATION 

Fig. 1 .  Per Cent Uptake by White Oak Saplings from Tagged L i t t e r  and 
Solution Applied t o  Landisburg Soil. 



UNCLASSIFIED 
.ORNL-LR-DWG. 68178 

DAYS AFTER APPLICATION 

Pig. 19. Average Uptake of ~s~~~ by White Oak Sapling Leaves from Tagged 
Litter  and Solution Applications t o  Landisburg Soi l .  



By the  end of the observation period ( f i r s t  week i n  ~ovember), 

leaves contained from 0.9 t o  1.6 x 10'~ per cent per g dry weight of the 

l i t t e r  ac t iv i ty .  This i s  a very small quantity, but the rapidi ty  with 

which t h i s  t ranfer  begins i l l u s t r a t e s  how a t race  of radiocesium contami- 

nation can complete a plant t o  l i t t e r  t o  plant cycle i n  a br ief  portion 

of the growing season without going through the normal processes of leaf  

f a l l  and decay. 

B. Total Sapling Uptake 

Shoots of 16 saplings were harvested i n  November, 1960, and the 

root  systems of 10 of these were extracted from the so i l .  Table XV gives 

the  s ize and dry weight measurements of harvested saplings. Mean root 

t o  shoot r a t i o s  were 1.86 * 0.12 f o r  saplings on Landisburg s o i l  and 

1.81 * 0.30 fo r  those growing on Litz s o i l .  

Sapling uptake values a re  given in  Table XVI .  L i t t l e  difference 

w a s  observed i n  the per cent uptake from l l t t e r  between plants on the 

two soi ls ,  t o t a l  uptake averaged U. 323 f . ~ 6  and U. 346 * .U j  per cent on 

the  Landisburg and Li tz  soi ls ,  respectively. Uptake from solution ap- 

p l ica t ions  was s l i g h t l y  l e s s  i n  shoots and roots than tha t  from l i t t e r .  

Of the t o t a l  uptake, approximately 80 per cent was in the root system a t  

harvest time . 
Differences i n  concentrations of radiocesium were observed be- 

tween various plant  components. Mean dpm per g dry weight concentrations 

f o r  Landisburg saplings serve t o  i l l u s t r a t e  these differences: 



Table XV 

Size and Weight. Measurements of Harvested White Oak Saplings, Noveder, 1960 

St?m Diameter Sapling Number Oven Dry Weights (g) Root t o  
2 In. Height Height of Shoot Shoot 

S o i l  ~ ( ~ n c h e s )  ( inches) Leaves* Wood Roots Ratio Leave s 

Land isburg 

4 
Includes samples taken througk the growing season. 



Table XVI 

Percentage Uptake of ~s~~~ from L i t t e r  and Solution Application 

t o  So i l  Found i n  Sapling Shoots and Roots, November, 1960 

Per Cent of Application 
Soil Application I n  Shoot I n  Roo'bs Total 

Landisburg L i t t e r  0.116 

0.054 

0.025 

0.047 

0.077 

0.102 

0.069 

Solution 

L i t t e r  

++ 
Mean + s.e. 



leaves. . . . . . . . . . . . . . . . . . . . . .  955 * . 253 

buds. . . . . . . . . . . . . . . . . . . . . . .  660 f 259 

stem, l e s s  than 0.2 inch diameter . . . . . . . .  537 f 145 

stem, grea te r  than 0.2 inch diameter. . . . . . .  529 f 157 

Cynipid wasp g a l l s  (stem) . . . . . . . . . . . .  835 + 139 

roots, greater  than 0 .5  mm diameter . . . . . . .  5,986 f 315 

roots, l e s s  than 0.5 rrrm diameter. . . . . . . . .  82,301 f 4,781 

Leaves and g a l l s  tended t o  concentrate more radiocesium than stems, 

on a dry weight basis,  and roots contained much higher concentrations. 

Roots l e s s  than 0 .5  mm diameter contained approximately 13 times m r e  

than la rger  roots up t o  50.0 mm diameter. Most of the  minute roots which 

contained t h i s  high concentration were i n  t he  top 6 inches of s o i l .  Some 

of them probably received Cs134 d i r e c t l y  from the l i t t e r  o r  humus layer.  

So i l  samples taken 140 days a f t e r  tagged l i t t e r  application showed 

avai labl& Cs134 i n  the top 2 inches of mineral s o i l  under tagged l i t t e r  

t o  be 11.0 f 1.7 per cent ( f i v e  observations) of the t o t a l  s o i l  content 

(determined by extracting with 1 N - ammonium acetate  a t  pH 7.0). 



V I I .  U A C H I N G  LOSSES OF CESIUM-134 FROM ROOTS 

Germinating white oak acorns grown i n  the laboratory i n  Ottawa 

sand, with periodic addit ions of Knop's nutr ient  solution, a t ta ined a 

mean seedling dry  weight of 1.06 f 0.03 g i n  80 days and a mean shoot 

height of 6.4 * 0.2 inches. Table X V I I  gives s i ze  and dry weight meas- 

urements of experimental seedlings. Growth of these plants  may have.been 

l e s s  than normal as the mount of ~ u n l i g h t  was l imited t o  t h a t  reaching 

the  p lan ts  through windows adjacent t o  a bench supporting p lan t  contain- 

e r s .  The mean root t o  shoot weight r a t i o  (1 .31f  0.03) may have been 

l e s s  than normal due t o  shading. Root systems seemed wel l  developed, 

however, with large t a p  roots and many second and t h i r d  order roots.  

Fourth order  roots  were few i n  number. A t y p i c a l  seedling had an 8.5 

inch long t ap  root  with 81 second order roots having a t o t a l  length of 

811.3 inches. 

cesium-134 application by submerging a recipient  leaf  i n to  a v i a l  

of C s 1 3 4 ~ 1  solut ion ( p ~  6.5) l e f t  recipient  leaves discolored (brown) 

a f t e r  72 hours treatment. It i s  not known whether t h i s  was a pH e f f ec t  

o r  due t o  oxygen deficiency. Total  uptake of 20 seedlings, excluding 

rec ip ien t  leaves, averaged 0.13 f 0.02 per cent of the  t o t a l  ~ s ~ 3 ~  i n  

applied solut ions  a f t e r  72 hours. With recipient  leaves included, the  

t o t a l  uptake was 3.4 f 0.5 per  cent. T a b l e  XU11 g5ves the distribu-l;1o11 

of f o l i a r  absorbed radiocesium i n  seedlings and the amounts l o s t  from 

roots  by' leaching with d i s t i l l e d  water. The mean d is t r ibu t ion  i n  shoot 

components was similar,  with leaves containing 35.7 f 1 .3  and stems 



Table X V I I  

Size and Weight Measurements of 80 Day Old White O a k  Seedlings 

Shoot N i ~ m b e r  Oven Dry Weight (g) . Root t o  
Height of Shoot 

(inches) k a v e s  Le a%-e s Stem Roots Total  RE^ i o  

6.0 5 0.258 0.188 0.476 0.922 1.07 

5.8 5 0.194 0.123 - 0.609 0.926 1.92 

7.4 5 0.376 0.242 0.631 1.249 1.02 

5.5 5 0.302 0.188 0.520 1.010 1.06 

5.8 5 0 179 0.161 0.570 0.910 1.68 

7.1 5 0 295 0.204 0.563 1.062 1.13 

6.2 5 0 390 0.197 0.662 1.249 1.13 -I w 

7.3 5 093% 0.247 0 679 1.283 1.12 

6.1 5 0.274 0.178 0.583 1.035 1.29 

7.0 5 0.209 0.144 0.540 0.893 1-53  
7.0 5 0.254 o :2O 3 0.610 1-077 1.31 
6.6 5 0.314 0 190 0.703 1.207 1-39 
5. 3 5 , 0.211 0.152 0 587 0 . 9 P  1.62 

5 9 5 0.239 0.187 0.516 0.942 1 1  21  

8.0 . 5 0 373 0.206 0.674, 1.253 1.16 



Ta3le X V I I I  

Distribution of Fo l i a r  Abso.rk~d Cs13' in  White O a k  Seedlings and Leaching bsses 

. . . Fron Roots After .Two Daily 1.5 Inch Simulated Rains 

~ ~ 1 3 4  Applied Per Cent of Per Cent of Total Uptake 
t o  Recipient A ~ p l i e d  Taker. I n  Plant Leached from Roots - - - - - -  

ir_ by Plant Remaining In  
' in  72 Hours kaves l  Stem R0ot.s i n  Smd Leachate Total 

2.52 0.07 40.4 32 - 7 21.7 2.2 3 0 5.2 
2.52 0.09 30 9 50.1 17.4 0.9 0 7 1.6 
2-52 0.13 25-7 41.6 25. 3 4.8 2.6 7.4 
3.78 0.25 36.6 42.1 15.1 3.0 3.2 6.2 
2.52 0.17 39.7 37-5 19.4 1.6 1.8 3.4 
3.78 0.29 42.5 33 -9 19.6: 2.1 1.9 4.0 
2.52 0.06 40.3 30.4 27. o 1 . 4  0 9 2.3 
2.52 0.13 42.0 26.4 24.8 3- 3 3.5 6.8 
2.52 0.04 38.1 28 .9 22.6 4.7 5 7 10.4 

3.78 0.19 33.5 lr-6.7 12.5 3.3 4.0 7.3 
3-78 0.10 24.9 36.3 34.9 2.2 2.0 4.2 
3.78 0.14 32-7 37.5 26.1 2.5 1 .2  3.7 

: 3.78 0.08 42.0 - '1.3 23.8 2 . 1  0.8 2 9 

2.52 0.16 29.8 37.3 25.8 4.2 2.3 6.5 
“ 2.52 - 0.13 37- 1 43.2 14.7 3.2 1.8 5 - 0  

Mean f s.e. 0.13 f 0.02' 35.7 f 1.3  37.1 f 1.8 22.1 + 1.7 2.8 f 0.3 2.3 + 0.4 5.1 + 0.6 

?Excluding leaves receiving ~ s - 3 ~  application. 



containing 37.1 * 1.8 per  cent of the  t o t a l  p lan t  radiocesium. But on a 

dry weight basis,  stems concentrated radiocesium approximately 1.5 times 

more than leaves. 

After 72 hours treatment and removal of recipient  leaves, two 

da i ly  applications of d i s t i l l e d  water were made t o  the  sand growth medium. 

Each application consisted of the equivalent of 1.5 inches of r a in  (175 

m l )  added instantaneously t o  the surface of the  sand. Before the  f i r s t  

da i ly  leaching, the  sand was brought t o  approximately f i e l d  capacity. 

The mean t o t a l  loss  of Cs134 observed a f t e r  two leachings was 5.1 f 0.6 

per cent of the  t o t a l  plant  concentration. Assuming t h a t  a l l  of t h i s  

amount came from the roots, an average of 18.7 per cent of the  root ra-  

diocesium was l o s t .  Of the  t o t a l  leached out, s l i g h t l y  over half  re -  

mained i n  the  sand while the  remainder came through i n  the  leaching 

medium. 

The quant i t i es  l o s t  probably represent a leaching lo s s  grea te r  

than t h a t  occurring under natural  conditions i n  the  f i e l d .  D i s t i l l ed  

water may have leached out more radiocesium than r a in  with i t s  accompa- 

nying ions, and the sand with i ts  very low exchange capacity may have 

induced depletion of ions in  the  roots  (s tenl id ,  1958). I n  addition, the  

physiological behavior of seedlings might be expected t o  d i f f e r  from t h a t  

of other  stages of white oak. 

This experiment points  out again the rapid movement of Cs 134 in 

and out of white oak, i n  t h i s  case, very young oaks. It a l so  i l l u s t r a t e s  

the a b i l i t y  of radioce~ium t o  enter  p lan ts  through a f o l i a r  route with 

subsequent prompt t ranslocat ion t o  major plant  components. 



V I I I .  GAINS AND LOSSES OF CESIUM-134, 1961 GROWING SEASON 

A. Movements In to  Leaves 

cesium-134 which had remained over the  winter i n  woody t i s s u e  of 

inoculated t r e e s  was found t o  be extremely mobile when t r e e s  leafed out. 

Young leaves col lected i n  the  middle of May, 1961, had radiocesium con- 

6 6 centrat ions  ranging from 0.29 f 0.10 x 10 t o  2.51 C 0.43 x 10 dpm per 

,q dry weight. Maximum concentrations &I leaves were observed i n  early 

June, and they were a s  high as  those observed i n  1960 from i n i t i a l  inocu- 

. l a t ions .  Figure 20 shows the average leaf  a c t i v i t y  f o r  a l l  t r ee s  during 

the  growing season. Decreases i n  a c t i v i t y  were again observed from time 

of maximum content t o  ea r ly  November. 

Mean maximum movements of radiocesium in to  leaves were s imilar  i n  

t r e e s  on the  dolomitic dry and wet and the shale dry s i t e s  with 44.1 2 

3.7, 40.2 5 6.8, and 47.5 2 7.0 per  cent of the  o r ig ina l  input (2.0 mc), 

respectively.  The t r e e s  on the  shale wet s i t e  reached a maximum of only 

26.6 5 15.0 per cent. Two t r e e s  on t h i s  s i t e  were small and had fewer 

leaves. This may, i n  part ,  explain the smaller quant i t ies  of radiocesium 

reaching leaves in  these t r ee s .  No statistically significant differences 

were observed between s i t e s  in an analysis of variance comparing s i t e s  by 

moisture and geological  derivation  a able XIX). By the  end of the  grow- 
, 

ing season, a mean reduction from observed maximums of 71.2 5 3.9 per  cent 

(range 41.4 t o  85.1) was found. No s ign i f ican t  differences were found 

between s i t e s   a able XIX), although t r ee s  on the dolomitic s i t e s  tended 

t o  have smaller reduction percentages. 
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Fig. 20. Average Content of ~s~~~ in Leaves of Inoculated White Oak 
Trees, 1961 Growing Season. 



Table X I X  

Analyses of Variance 

Stages of Cesium Transfer, 1961 Growing Season 

Degrees of F 
Source Freedom SS MS Calculated F.05 F . O 1  

Maximum Per Cent of Original Inoculation Reaching Leaves 
A. Moisture 1 448.60 448.60 2.31 5.12 
B. Geology 1 83.48 83.48 0.43 241.00 
C. Interaction 1 228.03 228 -03 1.19 5-32 
D. Subtotal 3 760.11 253.37 . Within 8 1521.53 190.19 
F. Total 11 2281.64 207.42 
G. ~ e s i i i l l ~ ~ 1  9 1749.36 194.39 

Per Cent Reduction of Leaf Maximums During Season 

Per Cent of Leaf Maximum Leached Out by Ra in  

Per. Cent of Leaf Maximum Returned t o  Wood 

* Significant a t  5% level.  



B. Losses From Leaves 

Quantities of Cs134 found i n  understory vegetation, l i t t e r ,  and 

s o i l  a r e  given i n  Table XX. By the  time of these observations, one year 

and seven months post inoculation, a considerable portion of the radio- 

cesium had been transp0rte.d out of t r e e s  by r a in  and the  1960 leaf  f a l l .  

Total  radiocesium losses from each t r e e  observed i n  1960 ( r a in  leaching 

and leaf  f a l l )  were subtracted from t o t a l  quant i t ies  found i n  understory, 

l i t t e r ,  and s o i l  i n  Noverriber, 1961, a s  an estimate of rain-induced losses  

during the 1961 growing season. The 1961 ra in  losses  were added t o  leaf  

radiocesium contents a t  the end of the growing season, and these sums 

were subtacted from leaf  maximums t o  obtain estimates of radiocesium 

movement from leaves back in to  wood. Table XXI gives percentages in-  

volved i n  radiocesium t ransfers  during the 1961 growing season. Losses 

due t o  the  leaching action of ra in  i n  the  12 t r ee s  averaged 17.6 ' 2.6 

per cent of observed maximum leaf contents. Rain exports from t r e e s  on 

dry and wet shale s i t e s  with 19.2 2 1.7 and 25.4 2 7 . l p e r  cent, respec- 

t ively,  were s ign i f ican t ly  greater  ( 5  per cent l eve l )  than those from 

t r ee s  on dry and wet dolomitic s i t e s  with 8.5 * 2.1  and 17.1 f 3.1 per 

cent, respectively  a able XIX). The per  cent of observed leaf  maxima 

returning t o  wood averaged 32.9 2 4.2 (range 37.6 t o  65.8) per cent f o r  

a l l  t rees .  No s ignif icant  differences between s i t e s  were observed 

 a able X I X ) ~  An average of 29.2 * 3.4, per cent oS observed maxima re-  

mained In leaves i n  ea r ly  November immediately p r io r  t o  leaf  f a l l .  

Of thc  t o t a l  radiocesium on the ground, only a small portion was 

contained in understory vegetation. S i t e  t o  s i t e  var ia t ions  were large 



Table XX 

Microzuries of cesium-134 I n  and Around Inoculated Trees, 1961 Growing Season 

S i t e  14aximm End of Growing Season 
and i n  Rain- In In  Lnderst,ory In  L i t t e r  In  S o i l  
Tree Waves leached Leaves (N = 4) (N = 54) ( N  = 235) 

Dolomitic dry  

Dolomitic wet 

Shale dry 

Shale wet 



Table X X I  

Stages i n  Transfer of cesium-134, 1961 Growing Season 

Parent Material Dolomite Shale 
Topography Dry Wet DrY Wet 
S o i l  Series Fbllerton Landi sburg Sequoia Monowahela Grand Means 

Per Cent of Original  Input 

Maximum i n  leaves 44.1 + 3.7 40.2 * 6.3 47.5 ' 7.0 26.6 2 15.0 39.7 + 4.4 

Per Cent of Leaf Maximum 
(33 

I n  leaves end of season ' 27.2 k 2.8 40.9 + 9.7 26.9 + 5.4 23.3 f 1.8 29.5 * 3.9 P 

Returned t o  t r e e  wood 64.3 k 1.2 42.0 + 11.1 53.9 * 3.8 51.3 ' 8.9 52.9 -1 4.2 

Rained out 8.5 + 2.1 17.1 + 3.1 19.2 + 1.7 25.4 + 7 . 1  17.6 + 2.6 

Per Cent of Total  C s  
134 

on the  Ground 

I n  understory 1..4 + 0.2 2 .1  f 0.7 1 .9  + 0.5 4.1 f 1.9 2.4 0.6 

I n  l i t t e r  34.7 + 1.8 22.9 f 6.4 23.1 5.2 22.6 + 1.6 25.8 + 2.3 

In  s o i l  63 .9 ' 1 .6  75.0' 6 . 1  7 5 . 0 2 5 . 4  73.3 '  5.5 71.8 + 2.1 



due t o  kind and amount of understory, but an average of only 2.4 + 0.6 

pe r  cent of the t o t a l  was observed i n  t h i s  ground compartment. This per- 

centage i s  lower than tha t  found i n  September, 1960, but the 1961 C s  134 

a c t i v i t y  was approximately 150 per cent greater.  The l i t t e r  contained 

an average of 25.8 f 2.3 per cent of the t o t a l  ground radiocesium. Most 

of t h i s  l i t t e r  was from the 1960 f a l l  of inoculated t r e e  leaves, and 

a c t i v i t i e s  were of sppreciable magnitude  a able a), The s o i l  with 

71.8 * 2.1  per cent of the to ta l ,  was the pr incipal  depository of radio- 

cesium l o s t  t'rom t r e e s  in  ea r ly  November, 196i. When radiocesium content 

of l i t t e r  i n  September, 1960, was added t o  the 1960 l a f  f a l l  (source of 

1961 l i t t e r )  and compared with November, 1961, l i t t e r  content, an aver- 

age decrease in  C!s134 content of 46.2 * 4.1 per cent was obtained. Since 

1961 rains  have added radiocesium t o  t h i s  l i t t e r ,  the loss  was actual ly  

grea ter  than 46 per cent. This implies tha t  large quant i t ies  of radio- 

cesium exported from t r ees  by leaf f a l l  were leached into the s o i l  before 

the  l i t t e r  had reached an advanced stage of decay. 

The estimated loss  per t r e e  of Cs134 a f t e r  two growing seasons i s  

detai led i n  Table XXIIo The me= loss  one year and eight mnnths gost 

inoculation was 37.6 f 6.2 per cent of the or ig ina l  input, o r  752 * U 4  

pc. Table X X I I I  gives mean s i t e  distribution, a f t e r  1961 leaf  f a l l ,  of 

losses  and radiocesium remaining i n  t rees .  Expressed as  per cent of 

or ig ina l  inoculatkons, the understory contained 0.5 -1 0.1; the  l i t t e r  

layer, 19.2 -1 3.5;' and the so i l ,  17.9 * 2.6; which l e f t ,  by difference, 

62.4 * 6.2 per cent i n  the l ea f l e s s  t rees .  



Table XXII 

Percentages of Criginal  Inoculation Lost Fron Trees After Two Growing Seasons 

S i t e  Remining i n  Tree.s After 1961 Leaf F a l l  Per Cent of Original  Lost S i t e  Means 
and Tree (PC) Per Cent of Original After Two Growing Seasons Per Cent h s t  

Dolomitic dry 

- 1  

2 

3 

Dolomitic wet 

1 

2 

3 

Soale dry 

1 

2 

3 
S'nale wet 

1 

2 

3 

25.8 

43.9 
27.1 

25.1 

12.1 15.2 + 5.8 

8.3 
Grand Mean 37.6 +- 6.2 



Table X X I I I  

Compaicm~nt Distributisn of ~ s ~ 3 ~  by S i t e  After 15161 Leaf Fa l l  

(3ne year, eight nonths post inodulaticn) 

Per Cent of O r ~ g i n a l  inoculationi 
Dolomi?lc Dolamitic Shale Shale 

S i t e  Compartment DYY' Tt$? t , Dry Wet Grand Means 

0s 
In understory 0.6 + 0.:2 0.6 ,* 0.2 0.4 + 0.1. c.3 +- 0.3 0.5 + 0.1 4= 

In  l i t t e r  26.6 + .2.3 26.9 .* 11.3 16.1 ' 2.7 E-.O + 3.8 19.2 + 3.5 

In  s o i l  24.3 + 4.4 24.2 .k 7.5 15.9 f 4.2 f . 9  + 1.5 17.9 + 2.6 

Relnaining 

In t r e e  wood 49.3 + 5.9 47.3 k 14.9 67.6 + 6.3 64.6 + 5.6 62.4 + 6.2 

hean f s.  e ,  of three trees per s i te .  



C. Distribution and Mobility i n  S o i l  

By November, 1961, radiocesium was found t o  s o i l  depths of 10 t o  

12 inches, indicating considerable downward movement since observations 

of September, 1960. The quant i t i es  found under each inoculated t r e e  a t  

seven s o i l  depth layers  between the  s o i l  surface and 12 inches a r e  given 

i n  Table XXIV. Mean s i t e  percentages of t o t a l  s o i l  radiocssium i n  these 

layers  a re  shown i n  Figure 21. Downward movement was g rea t e r  and pene- 

t r a t i o n  deeper i n  the  Landisburg and Monongahela (wet) s o i l s .  S t a t i s t i -  

c a l l y  s ign i f ican t  di f ferences  i n  radiocesium d i s t r i bu t ion  were observed 

between wet and dry s o i l s  ra able XXV). In  the  0 t o  1 inch layer, t he  wet 

s o i l s  contained a s ign i f i can t ly  (1 per  cent l eve l )  smaller percentage of 

radiocesium than dry s o i l s ,  In  the  1 t o  2 inch layer ,  wet s o i l s  con- 

tained more than dry so i l s ,  but  the  differences were not s ign i f ican t  a t  

the  5 per cent level .  In  both the 2 t o  4 and 4 t o  12 i.nch layers, wet 

s o i l s  held s igniFicant ly  (1 per  cent l eve l )  higher percentages than dry 

s o i l s .  Even though these  differences existed between wet and dry so i l s ,  

the  former s t i l l  held approximtely  73 per  cent of t he  t o t a l  s o i l  radio- 

cesium in  the  top 2 inches. 

The average d i s t r i bu t ion  of s o i l  radiocesium f o r  a l l  s i t e s  ob- 

served in Sep.telnbes, 1960, and. November, 1961, i s  given. i n  Table XXVI. 

In  the  1960 observations the  top 4 inches held a l l  of the  observed ac- 

t i v i t y .  Approximately one year l a t e r ,  and with the  addit ion of more ra -  

diocesium v i a  r a in  and lea f  f a l l ,  the  top 4 inches held 92 per cent of 

the  s o i l  t o t a l .  S o i l  penetration during the  year had been 8 inches. 

The hor izontal  pa t te rn  of radiocesium d i s t r i bu t ion  i n  s o i l  around 



Table XXIV 

Microcuries of Cesium134 i n  So i l  Ara~nd Inoculated Trees, h d  cf 1361 Growing Season 

S i t e   SO:^ ~ e ~ t h  (inches) 
c t o  1 I! to 2 2 t o  4 4 t o  6 6 tc S 8 to 10 10 to 12 and 

Tree (K = 35) [S = 35) (N = 351 (11 = 35) (N = 35) (N = 35) (N = 35) 

Dolomitic dry 

3 

Dolomitic wet 

3 
Shale dry 

3 

Shale wet 

1 
N. Do 

N.D. 

N. D. 

l ~ o t  detectable. 



Pig. 21. Average Per Cent of Total  S o i l  Cs134 i n  0 t o  12 Inches Depth of 
FUUS Soi l s ,  



Table XXV 

Analyses of Variance 

Per Cent of Cs134 i n  0-12 Inches of Soi l ,  End 1961 Growing Season 

Degrees of F 
Source Freedom SS MS Calculated F.05 F.O1 

Per Cent i n  0-1 In. Layer 
A. Moisture* 1 626.11 626.11 23.01 5.12 10.56 
B. Geology 1 2.11 2.11 0.07 241.00 
C. In te rac t ion  1 47.85 47 95 1.94 5-32 
D. Subtotal  3 676.07 225.36 
E. Within 8 197- 03 24.62 
F. Total  11 873.10 79.37 . Iii?Ri l%i~ai 9 24),1.. 88 27 -21 

Per Cent i n  1-2 In. Layer 

Per Cent i n  2-4 In. Layer 

Per Cent i n  4-12 In. Layer 

** 
Signif icant  a t  the  1% level.  



Table W I  

Average Percentages of cesium-134 Found in  So i l  Depth Layers on A l l  

Sites, September, 1960, and November, 1961. 

Soi l  Per Cent of Total Soi l  ~ ~ 1 3 4  Cumulative Per Cent 
Depth September November September Novenib e r  

o t o  1 59.2 * 5.3 61.6 + 2.4 59.2 61.6 

. 1 t 0 2  23.9 + 3.1 19.0 + 1.4 83.1 80.6 

2 t o  4 16.9 + 3.1 11.7 + 1.4 100.0 92.3 

4 t o  6 4.7 + 0.8 97 0 

6 t o  8 2.2 + 0.4 99.2 

8 t o  10 0.5 + 0.1 99.7 

10 t o .  12 0.3 + 0.1 100.0 



inoculated t r e e s  was found t o  be related t o  s i ze  of t r e e  crown. Rela- 

t i v e l y  large quant i t ies  were found around t r e e  trunks and most of the 

t o t a l  quant i t ies  observed were located under crown perimeters. Tables 

XXVII through XXX give t o t a l  microcuries of Cs134 found around each t r e e  

by s o i l  depth and r ad ia l  distance from trunk. Figures 22 through 25 depict 

t he  mean horizontal  and v e r t i c a l  d is t r ibut ion  under t r ees  on each s i t e .  

Tree t o  t r e e  var iat ions in  t h i s  horizontal  pat tern were not great, pro- 

bably because t r e e  crowns were of similar s ize.  For a l l  t r ees  an average 

of 19-0 * 1.0 per  cent of the  t o t a l  s o i l  radiocesium was found within a 

r a d i a l  distance of 0.8 foot from the  trunk. Transfers of rather  large 

quant i t ies  of radiocesium from t r ees  t o  s o i l  by ra in  water flawing down 

t r e e  trunks must have caused t h i s  high s o i l  concentration. This 19 per 

cent-of  t o t a l  a c t i v i t y  was in  an area which was only 0.8 per cent of the 

t o t a l  area   amp led. By contrast, the outermost sampling zone (6.9 t o  9.2 

f e e t  r ad ia l  distance),  which was not under t r e e  crowns, mad,e up 43.5 per 

cent of the Zotal area sampled, but contained only 0,8 * 0.3 per cent, nf 

the t o t a l  s o i l  radiocesium. 

Figure 26 shows the average s i t e  dis t r ibut ion of radiocesium 

around inoculated t r ees .  The s i t e  s imi l a r i t i e s  can be observed i n  t h i s  

f igure.  The smaller t r ees  on the shale wet s i t e  had a smaller percentage 

of t o t a l  radiocesium i n  the area 5 . 1 t o  9.2 f e e t  from trunks. The two 

zones a t  0.8 t o  2.3 and 2.3 t o  3.6 r ad ia l  f e e t  from trunks tended t o  have 

s imilar  percentages of the t o t a l  a c t i v i t y  (32.4 5 2.0 and 32.4 * 2.3 per 

cent, respectively), although t h e i r  respective areas were 5.5 and 9.5 per 

cent of the  t o t a l  area sampled. The 3.6 t o  5.1 f e e t  zone was just  outside 



Table XXVII 

Microcuries of Cs134 Around Inoculated Trees on Dolomitic Dry Si te  

So i l  Depth Radius of Circle Around Trunk ( ~ e e t )  
Tree (~nches )  0.82 0.82 - 2.32 2.32 - 3.67 3.67 - 5.18 3-18 - 6.95 6.95 - 9.25 

1 0 - 1  28.04 132.29 123.78 50.79 9.22 1.83 
1 - 2  40.45 37 89 30.26 5.49 4.36 0.54 
2 - 

/ 
17 19 12.78 14.17 3-51' 1.73 1.45 

4 - 4. 5g 5.40 1.29 0.81 0.16 0. 111 
6 - 3  3.44 2.86 0.75 0.38 0.16 IJ. D. 
8 - 10 91  0.16 0.11 0.11 N.D. N. D. 

33 - 12 N.D. N.D. N. D. N. D. N. D. JJ. D. 

2 3 - .I 42.78 61.67 83.01 33.45 7.78 0.87 
1.16 \O 

1 - 2  10.14 23-30 18.21 3-17 0.29 . P 

2 - 4  3.01 5.68 10.62 3 23 0.16 0.03 
4 - 86 2.8h 2.06 2-90 0.35 0.19 N.D. 
6 - 8  0.74 2.39 2.03 o 0.03 N. D. 
8 - 10 0.16 0.32 0.04 0.06 N. D. N. D. 

10 - 12 K.D. N.D. N. D. N. D. N. D. N. D. 

3 o - 1 53.89 116.25 123.91 43 67 32 55 6.06 
1 - 2 48.91 41.21 42.92 14.18 5.12 0.71 
2 - 4  12 95 14-77 6.12 0.53 0.29 0.18 
4 - 6  5.18 5.06 5.65 0.65 0.35 R.D. 
6 - 8  1.76 4.24 0. 06 N.D. N.D. N. D. 
8 - 10 0.13 0-39 N.D. N.D. N. D. N. D. 

10 - l 2  N. D. N.D. N. D. N. D. N. D. N. D. 

h o t  detectable. 



Table WIII 

Micricurier. of Cs134 P.mun.3. Inoculated Trees on Dolomitic Wet S i t e  

S o i l  D e ~ t h  B d i u s  of Circ le  A r w d  Trunk ( ~ e e t )  
Tree ( ~ n c h e s j  0.e2 0.82 - 2 -32  2.32 - 3.67 3.67 - 5.18 5.18 - 6.95 6.95 - 9.25 

h o t  detectable.  



Table XXIX 

Microcuries of Around Inoculated Trees on Shale Dry Si te  

Soi l  Depth Radius of Circle Around Trunk ( ~ e e t  ) 
Tree ( ~ n c h e s )  0.82 0.82 - 2.32 2.32 - 3.67 3-67 - 5.18 5-16 - 6.95 6.95 - 9.25 

34.66 
5.76 
1.03 
0.44 
0.25 
N.D. 
N.D. 

4.27 
4.68 
3.12 
0.33 
N.D. 

50.16 
13-30 
5.16 
3.38 
0.36 
0.02 
N.D. 

3.53 
0.28 
0.04 
N.D. 

12.31 
2.09 
0.50 
0.17 
o .05 
N. D. 
N.D. 

42.40 
17.21 
7.29 
3-71  
0.30 
0.14 
N.D. 

4.28 
0.87 
0.32 
0.02 
N. D. 
N. D. 
N.D. 

8.67 
2.11 
0.78 
0.25 
0.11 
0.05 
N.D. 

K. D. 
M.D. 
N. D. 

3-13 
0.25 
0.05 
0.05 
N.D. 
N.D. 
N. D, 

h o t  detectable. 



Table XIM 

Microcuries of ~s~~~ Arounrl Inoculated Trees on Shale Wet S i te  

Soi l  Depth 3adius of Circle Aro-md Trunk (3eet) 
Tree (~nches )  0.82 $3.82 - 2.32 2.35 - 3.67 3.67 - 5.13 5.18 - 6.95 6.95 - 9.25 

0.19 \O 

0.07 P 

0.02 
N.D. 
N.D. 
N. D. 
N.D. 

3 0 - 1 1. 90 10.14 20.70 8.44 0.09 0.02 
1 - 2  1.14 6.10 9.22 1.78 0.03 N. D. 
2 - 4  1.96 6.29 8.82 0.42 N.D. N. D. 
4 - 6 0.36 4.64 3 95 0.09 N. D. N. D. 
6 - 8  0.06 0.69 1.00 0.04 N.D. N.D. 
8 - 10 0.04 0.17 0.65 0.01 N.D. N. D. 

10 - 12 0.03 0.12 0.55 N. D. N. D. N. D. 

h o t  detectable. 



UNCLASSIFIED 
ORNL-LR-DWG. 68167 

Fig. 22. Mean Dis t r ibut ion of i n  S o i l  Around Three Trees on Dolo- 
mit ic  Dry S i t e .  (per cent of t o t a l  s o i l  a c t i v i t y  ' one standard 
e r ro r ) .  



UNCLASSIFIED 
ORNL-LR-DWG. 68168 

Fig. 23. Mean Distribution of ~s~~~ in Soil Around Three Trees on Dolo- 
mitic Wet Site. (per cent of total soil activity f one standard 
error). 



UNCLASSlFl ED 
ORNL-LR-OWG. 68 165 

Fig.. 24. Mean Dis t r ibut ion of ~ 8 ~ 3 ~  i n  S o i l  Around Three Trees on Shale 
Dry S i t e .  (per  cent of t o t a l  s o i l  a c t i v i t y  5 one standard 
e r ro r ) .  



UNCLASSIFIED 
ORNL-LR-DWG. 68166 

Fig. 25. Mean Distribution of ~s~~~ i n  So i l  Aro$d Three Trees on Shale 
Wet S i t e .  (per cent of t o t a l  s o i l  act i .vi ty  * one standard 
er ror ) .  1. I .  



UNCLASSIFIED 
ORNL-LR-DWG. 68169 

I S.E. 

F = DOLOMITIC DRY 
L = I I WET 

S = S H A L E  DRY 
M =  1 1  WET 

RADI I  OF CONCENTRIC ZONES AROUND TRUNK (FEET) 

Fig. 26. Horizontal Distr ibution of S o i l  Cs134 Around Inoculated Trees, 
End of 1961 Growing Season. 



t h e  average crown perimeter, and it contained 11.2 * 0.9 per  cent of t o t a l  

observed a c t i v i t y  and 15.6 per cent of the t o t a l  area. 

2 The' average quantity of s o i l  radiocesium per f t  and cumulative 

percentages by  r ad ia l  distance from trunks are  shown i n  Figure 27. About 

80 per cent of the  s o i l  t o t a l  was found underneath the crowns with an ad- 

d i t iona l  15 per cent located approximately within 2 f e e t  outside of crown 

perimeters. The remaining 5 per cent was located from 2 t o  6 f e e t  out- 

s ide  of crown perimeters. Thus, radioce~ium had fanned out around inocu- 

la ted  t r e e s  i n  a c i r c l e  of almost 20 f ee t  in diameter. 



Fig. 

RADIAL DISTANCE FROM TRUNK (FT.) 

27. Average S o i l  Concentration of Cs134 Per Unit Area and Cumula- 
t i v e  Percent,ages Around Inoculated Trees. 



IX.  TOTAL TREE HARVESTS 

A. Mensuration 

Four t r e e s  harvested a t  the end of the 1961growing season served 

as checks on both estimations of leaf  number used in  calculating t o t a l  

cesium-134 i n  leaves and estimations of quant i t ies  of cesium-134 i n  t r e e  

wood. Measured branch diameters of i n ~ c u l ~ a t e d  t r ees  were applied t o  the 

regression equation of Rothacher, Blow, and Pot ts  (1954) f o r  estimates of 

leaf  numbex- used i n  t h i s  study. This equation is: 

~ o g  N = 0.787 + 1.972 ( b g  X) 

where N i s  number of leaves and X i s  branch diameter i n  tenths of: inches. 

Regressions of leaf number on branch diameter f o r  the harvested 

t r e e s  gave the following equa,tions: 

Dolomitic dry s i t e ,  t r e e  number three: 

~ o g  N = 0.797 + 1.868 ( b g  X) 

r = .932 Sb = .076 

Dolomitic' we-1; s i t e ,  t r e e  nuniber three: 

~;og N = 0.789 + 1.854 ( b g  X)  

r = .372 Sb = .Oh9 

Shale dry s i t e ,  t r e e  number three: 

b g  N = 0.771 + 1.830 ( b g  X) 

r = .826 S, - . l l g  

Shale wet s i t e ,  t r e e  number two: 

I;og N = 0.773 + 1.682 ( b g  X) 

I- = .710 s, = .184 



The c o m n  regression f o r  a l l  four t r e e s  is: 

Figure 28 shows the  common regression f o r  a l l  four t r e e s  of leaf  number 

on branch diameter. The observed c o m n  regression equation seems close  

enough t o  t h a t  of Rothacher, e t  a l .  (1954) t o  warrant use of the  l a t t e r  

i n  t h i s  study. Table XXXI gives s i ze  of inoculated t r e e s  with estimated 

and ac tua l  number of leaves on harvested t r ee s .  The net  per  cent e r ro r  

between estimates and ac tua l  counts indicates  t h a t  the  former were 5.3 

per  cent high. 

The oven dry weights of components of harvested t r e e s  a re  given 

in  Table XXXII. The leaves contained 9.0 2 0.2 per  cent of the  t o t a l  

t r e e  weight; branches, 12.5 f 0.5; trunk, 48.0 f 2.6; roots, 30. 4 2 

2.9; and buds and ga l l s ,  0.06 f 0.02 per  cent. 

Dry weights of branches by 0 . 1  inch diameter s i ze  c lasses  a r e  

given i n  Table XXXIII. Branches i n  t h e  0 t o  0 . 1  inch c lass  contained 

14.5 f 2.7 per  cent of the  t o t a l  branch weight; 0 .11  t o  0.20 inch, 23.1 

4 2.0; 0921 to 0.30 Uch, 24.9 f 2.5; 0 .31 t o  0.40 inch, 14.9 f 1.7; 

0 .41 t o  0.50 inch,, 13. 6 f 1.1; and over 0 .51 inch, 9.0 3.5 per cent.  

Dry weight of trunks by diameter c lasses  a r e  given i n  Table 

XXXIV. Trunk wood i n  the  0 t o  0.50 inch diameter c l a s s  contained 1.2 f 

0.4 per  cent of t o t a l  trunk weight; 0.51 t o  1.00 inch, 9.4 4 2.8; 1.01 

t o  1.50 inches, 22.9 f 10.9; 1.51 t o  2.00 inches, 31.0 f 6.9; and over 

2..01 inches, 35.5 f 17.1 per  cent. More var ia t ion  between t r e e s  was 
r 

observed i n  trunk c l a s s  weights than i n  s i ze  c lasses  of any other  t r e e  



UNCLASSI Fl ED 
ORNL-LR-DWG. 68159 

. 

t l  
5 10 

BRANCH DIAMETER (0.1 IN.) 

Fig. 28. Regression of Leaf Number on Branch Diameter of Four Harvested 
White Oak Trees. 



Table XXXI 

Tree Size  and Leaf Number of Inoculated White Oak Trees 

S i te  Diameter Height Nuniber Estimated Actual Per Cent Error 
and Breast Height of Tree o f Nunher of Nuder  of i n  Leaf 
Tree (~nches) .  ( ~ e e t )  Branches Leaves 1 Leaves Estimation 

Colomitic dry 

1 1.40 15.7 29 19 19 

2 1.47 13.5 37 2272 
3 1.52 13.4 42 2462 

1:olomit-i~ w e t  

1 2.10 14.1 7 1 5133 

2 2.01 17.7 5.4 2633 

3 1.70 17.3 45 
Shale dry 

1 2-55 17. o 72 

2 1.65 17.1 47 

3 1.62 16.7 53 

Shale w e t  

1 2.77 14.3 - - 
2 1.33 15.2 36 
3 0.82 13.1 26 

hs t imated  f r o m  branch diameters (~o thacher ,  Blow, and Potts, 1954). 

'~s t imated from trunk diameter (~o thacher ,  Blow, and Potts, 1954). 



Table XXXII 

Dry Weights (g) of Fcur L l i t e  3ak Trees Harir?sted i n  September, 1961 

Si te  O h  H e i g h t  
and Tree (~nches )  ( ~ e & )  Leaves 3ranc:nes Trunk Roots Buds Galls Total 

Dolomitic dry 
number 3 1.5 13.4 555..36 659.00 2,398.80 2,282.40 -- - - 5,895 56 

Y 

Dolomitic wet 
number 3 1.7 17.3 895.13 8 0  5,010.15 2,689.14 -- - - 9,872.52 

Shale dry 
nuniber 3 1.6 16.7 1,057.23 .1,628.82 6,322.60 3,279.25 3.38 2.41 12,293.69 

Shale w e t  . 
number '2 1- 3 15.2 420.76 601.70 2,338.50 1,374.90 3.76 -- 4,739.62 



Table XIMIII 

Dry Weights ( g )  of Branches by Diameter Classes in  Four Harvested White Oaks 

S i t e  
and Tree 

Size Class (~nches)  
0 t o  .10 .11 t o  .20 .21 t o  .30 .31 t o  .40 .41 t o  .p . 5 1 + .  , 

Dolomitic d r p  
number 3 132.0 126.7 190 5 111.1 82.4 16.3 g 

4 

Dolomitic w e t  
number 3 . 184.3 301. 5 260.6 138. 0 228.3 165.4 

Shale dry 
number 3' 205.3 445.6 306 5 182.6 216.0 272 7 

;Shale wet 
number 2 53.4 147.8 171- 5 79.1 99 6 50.3 



T3ble XjMIV 

Dry Weights (g) o' Trunks by Diamet3r Classes i n  ?our H a r v e ~ ~ s d  White Oaks 

S i t e  
and Tree 

- - - 

Siz? Class (~nches )  
0 t o  .50 .51 t o  1.00 1.01 t73 1.50 1.51 t o  2.00 2.31 t o  2.50 2.51 + 

Dolomitic dry 
number 3 

Dolomitic wet 
number 3 

Shale dry 
number 3 

Shale wet 
number 2 



component. . . 

Root dry weights by diameter c lasses  a r e  given i n  Table XXXV. 

Roots i n  the  0 t o  0 . 1  inch c l a s s  contained 1 .0  L- 0.2 per  cent of the  to- 

t a l  root weight; 0 .11 t o  0.30 inch, 6.5 * 0.9; 0 .31 t o  0.50 inch, 10.6 

1.5; 0 .51 t o  1.00 inch, 18.2 ' 2.8; 1 .01  t o  2.00 inches, 18.9 f 1.9; 

and over 2.01 iaches, 44.7 * 4.2 per  cent. 

B. cesium-134 i n  Harvested Trees 

The d i s t r ibu t ion  and quant i t i es  of cesium-134 found i n  harvested 

t r e e s  a re  given in  Table XXXVI. These r e s u l t s  indicate  t h a t  an average 

of 18.4 * 7.2 per cent of t o t a l  radiocesium in  t r e e s  was i n  the  leaves, 

8.8 +- 1 . 3  i n  branches, 49.5 + 4.4 i n  trunks, and 23.2 + 2 .1  per  cent i n  

roots .  The trunks, then, contained about half  of the  t o t a l  radiocesium, 

and about one-fourth was deposited i n  the  roots.  Table XXXVII gives 

r a t i o s  of per  cent of t o t a l  radiocesium i n  t he  t r e e  t o  per  cent of t o t a l  

t r e e  weight found i n  components. On t h i s  basis ,  leaves, with a mean 

r a t i o  of 2.03 -+ 0;79, concentrated more radiocesium than any o ther  t r e e  

component. The shale wet s i t e  t r e e  exhibited a small r a t i o  (0.56) which 

tended t o  lower the  mean value. The mean r a t i o  t'or branches was U:(2 * 
0.15, and they had a smaller radiocesium concentration than any of the  

woody components. Concentration i n  branches tended t o  decrease with in- 

creasing branch s i ze  ( ~ i g u r e  29), and those i n  the  0 t o  0 . 1  inch diameter 

c l a s s  had approximately 1.5 times more radiocesium, on a weight bas i s ,  

than la rger  diameter branches. 

The mean r a t i o  f o r  trunk wood was 1.02 * 0.09. This component, 



Table XXXV 

Dry Veights (g) of Roots by  Cianeter Classes in Four Harvested White Oaks 

S i t e  Size Class (~nches)  
and Tree 0 t o  . lo  .I1 t o  .30 . 3 1  to .50 .51 t o  1.00 1.01 t o  2.00 2.01 + 

Dolornit i c  d r j  
number 3 

Dolomitic wet 
number 3 

Shale dry 
number 3 

Shale wet . 
number '2 19.5 75.1 118.0 ' 



Table XXXVI 

Distribution of cesium-134 i n  Four Harvested White O a k s ,  November, 1961 

C S ~ ~ ~  Activity and Weight 
of Tree Components DD3 DW3 SD3 SW2 

Leaves 
1. Total d r  weight (g) I 555.4 895 1 17037.2 420.7 
2. Total C s  34 (pc) 167.88 286.88 200.01 77 13 
3. Weight as  per cent of 

t o t a l  t r e e  9.4 9 . 1  8.6 8.9 
4. ~ ~ 1 3 4  as per cent of 

t o t a l  in t r e e  20.0 34.6 14.1 5.0 

, Trunk 

Roots 

Duds 

Cynipid Wasp Galls 



Table XiOCVII 

Ratios of cesium-134 t o  Dry Weight i n  Pour Harvested Vhi-e Oaks 

S i t e  
and Tree 

Ratio of Per Cent of Ta ta l  ~ ' ~ 1 3 4  t o  Fer Cent of T 'xa l  Dry Weight 
In  Lea-~es Tn - E.raches In  Trunk I n  Roots In  Buds 

Dolomitic dry 
number 3 2.12 CI .96 1 ..06 13.61 - - 

Dolomitic wet 
number 3 3.82 

Shale dry 
number 3 1.64 

Shale wet 
number 2 0.56 C B . E ; ~  
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with almost ha l f  of t he  t o t a l  t r e e  weight, contained about half  of the  

t o t a l  radiocesium. Wood samples taken throughout the  diameter of trunks 

a l l  contained Cs134 a c t i v i t y .  For example, one trunk segment of 2 inches 

diameter contained t h e  following ac t i v i t y :  

depth of sample (inches) dpm per  g x 10 5 

O (outs ide)  t o  0.10 3-25 

0.11 t o  0.20 1.64 

0 .21  t o  0.60 0 73 

0.61 t o  1.00 (center)  0 73 

This d i s t r i bu t ion  of radiocesium throughout trunk wood is  not surpr is ing 

a s  t he  feeder  tubes driven i n  t he  trunks i n  the  i n i t i a l  inoculations were 

driven deep enough t o  have released some of the  radioisotope i n t o  hear t  

wood. O f  course, t he  extreme mobili ty of t h i s  very soluble radioisotope 

may have permitted an appreciable amount of l a t e r a l  t r ans fe r  i n  woody 

t i s s u e .  Ten samples of bark peeled from f resh  trunk segments had a mean 

r a t i o  of bark Cs1'34 a c t i v i t y  t o  wood ac t i v i t y ,  on a weight baois, of 2.5 

+- 0.3.  

Roots contained a s l i g h t l y  higher concentration of radiocesium, 

on a weight basis,  than branches. Unlike the  sapling roots  described i n  

Chapter V I ,  the  smaller roots contained no more radiocesium, on a weight 

bas i s ,  than l a rge r  roo ts .  This might be expected, however, a s  the  former 

were involved i n  uptake of Cs134 from l i t t e r  and s o i l  while the  l a t t e r ,  

presumably, were involved more with downward movement from inoculated 

trunks.  

Tota l  Cs134 found i n  harvested t r e e s  came close  t o  estimates of 



t o t a l  t r e e  contents based on subraction of t o t a l  losses  from the  o r ig i -  

n a l  input value  a able XXXVIII). The average quanti ty i n  observed t r e e s  

was 13.3 f 3.0 per cent lower than estimates, indicating than an average 

of 255 * 60 pc was l o s t  o r  unaccounted f o r  i n  t h i s  study. Some of . t h i s  

loss  may be a t t r i bu t ed  t o  insects  as  Rothacher, Blow, and Pot t s  (1954) 

reported a t o t a l  of 6 t o  7 per  cent of the a rea  of oak fo l iage  destroyed 

by insects  during the growing season. Observations of inoculated t r e e s  

indicated t h a t  t h i s  estimate of' insec t  damage may be low f o r  several  of 

the t r e e s  i n  t h i s  study. Also small quant i t i es  of ~ s ~ ~ ~ - m a ~  have been 

d is t r ibu ted  outside of the  9.2 f e e t  sampling radius. 



Tatle XXXVIII 

Estimated and Observed Quantities of ~ s ~ 3 ~  i n  Trees a t  End of 1961 Growing season1 

Estimate Total  ~ ~ 1 3 4  Per Cent Per Cent 
S i t e  Total  2 ~ ~ 3 ~  of ~ ~ 1 3 4  Found il of Criginal  of Original  
and Lost Fron Remaining Harvest 2d Inoculation Inoculation 
Tree Tree (PC) i n  Tree (PC) Trees (C13) Acco~nted For b s t  

Dolomitic dry 

Dolornit i c  wet 

3 
Shale dry 

3 

Shale wet 

1555 09 56 . O 14.0 

Mean * s.e.  86.7 * 3.0 13.3 * 3.0 

b e f o r e  1961 leaf  fa=. 



X. DISCUSSION 

A. General Cycle of Cesium 

Movements of Cs134 during the season were rapid and of 

r e l a t i ve ly  large magnitude. Translocation of t h i s  element i n  vegetation 

was much more rapid than t h a t  of elements such a s  Ca o r  Sr  (~ lueckauf ,  

1955; Middleton, 1959), but s imilar  t o  t h a t  of K. Movements of C s  and 

K seemed t o  be merely t ransport  phenomena while those of Ca and Sr were 

interpreted as being involved with exchange mechanisms. 

From trunk inoculations, Cs134, l i k e  K42, spreads t o  a l l  pa r t s  of 

the t r e e  crown i n  the t ranspirat ion stream moving, presumably, through 

xylem. With environmental fac tors  favoring t ranspirat ion,  radiocesium 

(with radiopotassium) was found i n  a l l  pa r t s  of a white oak t r e e  crown 

1.5 hours a f t e r  trunk inoclila.tion. Samples were not collected before 

t h i s  time, however, so the i n i t i a l  r a t e  of movement may have been f a s t e r .  

86 Kuntz and Riker (1955) detected Rb i n  crowns of bur oak and pin oak up 

t o  35 f e e t  high a t  20 minutes a f t e r  trunk input. They estimated r a t e  of 

movement a t  1.5 t o  3 f e e t  per minute. Downward mvement of radiocesium 

from trunk inoculations a l so  occurred, although a t  a slower r a t e  than 

upward movement. 

Maximum concentrations of radiocesium i n  leaves were observed i n  

ear ly  J I I ~ P ,  ~ . n d  they amounted t o  about 4.0 per cent of the  t o t a l  input. 

Teaf concentrations of s tab le  C s  a t  t h i s  time averaged about 35 per  cent 

of avera.ge t o t a l  s o i l  s tab le  Cs, on a weight bas i s .  Yamagata, e t  a 1  

(1959) found a s imilar  value of 40 per cent f o r  Japanese p lan ts  and s o i l s  

i n  a var ie ty  of habi ta ts .  



b s s e s  of t h i s  element from t r ee s  occurred with each ra in .  Ap- 

proximately 13 per  cent of the  maximum leaf  content came down i n  r a in  

water each growing season. By November, 70 per cent of t h i s  rain-exported 

radiocesium had reached the mineral so i l ,  with l i t t e r  containing 19 per 

cent and the  understory the remainder. Loss from t r e e s  by the annual 

l ea f  f a l l  was greater ,  with about one-third of the  observed maximum leaf 

content reaching the ground i n  1 . i t ter .  The t o t a l  loss  per year resul t ing 

from ra in  exports and leaf f a l l  was approximately 19 per  cent of the 

o r ig ina l  input.  

Since uptake of radiocesium by plants  from s o i l  was low; shown by 

sapling experiments i n  t h i s  study; and by Nishita, e t  a l .  (1959)) Pendl-eton 

(1960)) and Klechkovsky (1957); recycling of these radiocesium losses  

should be  of small quantity. With t h i s  assumption, and assuming an annual 

l o s s  of 20 per cent of the amount remaining, liL.l;le radiocesium w i l l  re-  

main in  these t r e e s  a f t e r  5 o r  6 years. The mineral s o i l  w i l l  by t h i s  

time hold most of the  depletion fro11 Lrees, 

Approximately 2 x lo3 times more s tab le  C s  than radiocesium was 

involved i n  t r e e  gains and losses .  The amount of s tab le  Cs i n  the  top 

4 
inch of mineral s o i l  under inoculated t r e e s  was 4 t o  5 x 10 times 

grea te r  than the  annual addit ion of radiocesium from t r ee s  t o  t h i s  inch 

of s o i l .  Thus, while the quant i t i es  of radiocesium used in t h i s  study 

(2.0 mc per  t r e e )  were adequate f o r  following cycl ic  behavior of t h i s  

element, they were very small compared t o  na tura l  l eve ls  of Cs. A pro- 

posed annual cycle of s tab le  C s  f o r  white oak t r e e s  of the  s i ze  con- 

sidered i n  t h i s  study i s  shown i n  Figure 30. The estimates i n  t h i s  
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Fig. 30. Inferred Annual Cycle of Stable Cesium i n  Small White Oak Trees. 
(values in w) . 



f i gu re  were based on observed average percentages of radiocesium in-  

volved i n  various s tages  of t ransfer ,  and s tab le  Cs values obtained by 

ac t iva t ion  analysis .  Quantit ies of na tura l  C s  i n  stages of t h i s  cycle 

were very small compared t o  quant i t i es  of the  macronutrient elements-- 

N, K, Ca, Mg, P, and S, However, the  percentage of C s  t h a t  was leached 

from vegetation by r a i n  i s  probably grea te r  than t h a t  t o  be expected fo r  

these elements, with the  exception of K O  

B. Retention and Movement i n  System Compartments 

Cyclic behavior of Cs134 in vegetation indicated t h a t  it remained 

i n  a highly water soluble form which enabled it tan move rapidly i n  and 

out  of leaves, wood, roots, and l i t t e r .  Large quant i t ies  of radiocesium 

which were t ranslocated in to  leaves i n  the spring, a f t e r  over-wintering 

i n  woody t i s sue ,  indicated t h a t  even a f t e r  a year t h i s  high so lub i l i t y  

remained. 

Losses from both l i t t e r  and l iv ing  leaves a r e  prompt, cesium-134 

and K42 were detected i n  r a in  collected under a t r e e  crown 12 hours a f t e r  

trunk inoculation. Leaves of white oak saplings already contained radio- 

cesium when sampled s i x  days a f te r  applications of tagged l i t t e r  t o  so i l .  

Equally . prompt - losses  from roots were i . l l .~~ . s~ra ted  by the a r t i f i c . i a 1  

leaching of seedling roots.  These rain-induced losses  may have been 

small on a da i ly  b a s i s  ( i n  the order of 0 . 1  Clc), but they were ' large 

annually. By November, 1961 (one year and seven months a f t e r  inocula- 

t ions) ,  estimated radiocesium l o s t  through leaching was 31.3 per cent of 

the  t o t a l  t r e e  loss .  The remaining 68.5 per cent represented losses  



through leaf  f a l l .  . 

Radiocesium reaching the l i t t e r  l ayer  i n  r a in  remained there  only 

a short  time. A t  the end. of the 1960 growing season, an average of only 

16.5 ' 3.0 per  cent of the t o t a l  r a in  export was found i n  the  l i t t e r .  A t  

the  end of the 1961growing season, before leaf  f a l l ,  25.8 4 2.3 per cent 

of the t o t a l  l o s t  from t r ee s  was retained by the l i t t e r  layer.  Olson and 

Crossley (1962) found a 50 per cent reduction i n  Cs134 i n  tagged white 

oak l i t t e r  i n  20 weeks. This l i t t e r  was i n  nylon ne t  bags placed i n  an 

oak stand i n  November. The time required f o r  a 50 per  cent weight l o s s  

was 44 weeks. Over the winter months, then, l i t t e r  which has f a l l e n  from 

inoculated t r ee s  may have about half  of i t s  radiocesium transferred t o  

the mineral s o i l .  

cesium-134 reaching the understory vegetation around inoculated 

t r ee s  probably entered these plants  mainly through f o l i a r  absorption of 

ra in  exports a s  a c t i v i t y  here was grea te r  than t h a t  t o  be expected from 

uptake from s o i l .  The percentage of t o t a l  t r e e  loss  retained i n  t h i s  

compartment was small. In  September, 1960, 6.3 F 1.0 per cent was found 

i n  the  understory. By November, 1961, 2.4 + 0.6 per  cent of t o f a l  t r e e  

losses  resided in t h i s  vegetation. The understory p lan ts  were a l so  sub- 

ject  t o  leaching losses  of radiocesium from both l iv ing  and dead plant  

par t s .  The r a t e  o f ' r e t u r n  t o  s o i l  would be especial ly  high i n  annuals. 

Since the passage of radiocesium through vegetation compartments 

was rapid, and plant  uptake percentages were low, the  s o i l  became the 

pr inc ipa l  depository and grea tes t  ra te- l imit ing compartment i n  t he  system. 

By the end of the  1960 growing season, 77..2 ' 2.9 per  cent of t o t a l  t r e e  



l o s s  had reached the mineral s o i l .  By November, 1961, the  s o i l  retained 

71.8 f 2 . 1  per  cent. Although t h i s  radioisotope exhibited downward mo- 

b i l i t y  i n  s o i l s  ( a  penetration of 4 inches by Septeniber, 1960, and 10 t o  

12 inches by November, 1961), most of it was retained i n  the  top 2 inches. 

Mobility seems re la ted  t o  s o i l  moisture as  the wet s i t e  s o i l s  had s ign i f -  

i can t ly  l a rge r  percentages of t h e i r  t o t a l  radiocesium a t  depths grea te r  

than 2 inches. 

A por t ion of t h i s  s o i l  burden was avai lable  f o r  plant  ii.se. Sam- 

p l e s  taken 140 days a f t e r  application of tagged l i t t e r  t o  -disburg 

s i l t  loam s o i l  showed t h a t  11.0 f 1.7 per  cent of the t o t a l  radiocesium 

i n  the  0 t o  2 inch depth was exchangeable when leached with 1 N ammonium - 
ace ta te  ( p ~  7.0). The presence of organic matter i n  t h i s  depth layer  

accounted f o r  much of t h i s  exchange fract ion,  and deeper s o i l  layers  

could be expected t o  have smaller exchange fract ions .  Activation anal-  

y s i s  of s o i l  leachates a lso indicated t h a t  a small portion (0,027 f 0.006 

pg per g) of the  t o t a l   oil s tab le  C s  was i n  an exchangeable form. 

Although the  animal compartment of t h i s  system was not  studied, 

t he re  a re  ce r t a in  assumptions which might be made concerning the possible 

re la t ionsh ip  of animals t o  the radiocesium cycle. The estimates of in- 

s ec t  damage t o  oak leaves made by Rothacher, Blow, and Pot t s  (1954) seem 

reasonable from observation of inoculated t r ee s .  I f  6 t o  7 per cent of 

the  fo l iage  area was k i l l e d  o r  eaten by insects  during the growing sea- 

son, an appreciable quant i ty  of radiocesium may have been involved. If 

ha l f  of t h i s  fo l iage  damage represented the amount consumed by insects,  

approximately 10 t o  20 pc of Cs134 entered the animal compartment. This 



i s  2 t o  4 per cent of the  estimated annual loss  due t o  r a i n  and leaf  f a l l .  

'Retention of radiocesium by insects  my be of short  duration, however, a s  

the  biological  h a l f - l i f e  of t h i s  radioisotope i n  insec ts  is short  

(crossley and Pryor, ,1960; Crossley and Howden, 1961). 

S o i l  fauna, especial ly  those animals t h a t  a c t  upon l i t t e r ,  may 

have retained minute quant i t i es  of radiocesium. The l a rge r  animals; such 

a s  earthworms o r  other  burrowing species, would come i n  contact with ap- 

preciable amounts of the  radioisotope, pa r t i cu l a r ly  i n  t h e  surface s o i l  

where re tent ion i s  g rea tes t .  

C. Factors Influencing Cycle 

~ o i s t u r e  played a pr inc ipa l  ro l e  i n  governing the amount and r a t e  

of t r ans fe r  of radiocesium from one system compartment t o  another. 

Leaching losses from l iv ing  and dead vegetation were la rge ly  dependent 

upon frequency, kind, and amaunt of r a i n f a l l .  Mobility of radiocesium 

i n  the s o i l  was affected by s o i l  moisture a s  movement i n  wet (bottomland) 

s o i l s  was found t o  be s i g n i f i c a r t l y  grea te r  than i n  d r i e r  (upland) s o i l s .  

Other fac tors  influencing leaching losses  from p lan ts  a r e  temper- 

ature,  leaf  age and condit.ion, and surface exposure of leaves (s tenl id ,  

1958). Sa l t s  a r e  l o s t  more rapidly a t  high temperatures due t o  increased 

surface wetting. of leaves and more rapid dissolving of s a l t s .  Old o r  

damaged leaves tend t o  lose  m r e  s a l t s  than f resh  leaves. This may be 

due t o  increased permeability of the cytoplasm o r  exposure of i n t e rna l  

layers  by t i s sue  damage. Losses f r o m t h e  upper surface of leaves a r e  

grea te r  than from the lower surface, even i f  there  a r e  more stomata on 



t he  under surface (Iausberg, 1935). This i s  because most of the  s a l t s  

deposited on leaf  surfaces by evaporation appear on the  upper surface 

which receives most of the ra in .  

Both physical  and chemical charac te r i s t ics  of the  s o i l  p r o f i l e  

exer t  an influence on t.he retention,  mobility, and p lan t  a v a i l a b i l i t y  of 

radiocesium. I n  t h i s  study, the  physical  f ac to r s  seemed t o  play a la rger  

r o l e  i n  mobili ty than the chemical fac tors  (see D. S i t e  ~omparisons).  

Moisture, kind and amount of c lay minerals, pH, presence of large pores 

and root chancels, and base s t a tu s  have each been found t.o influence the 

behavior of radiocesium i n  the  s o i l .  It i s  the par t icular  combination 

of these f ac to r s  ac t ing  a t  a given time, however, t h a t  ac txa l ly  governs 

the  s i tua t ion .  For example, i l l i t i c  c lay  minerals have exhibited a 

g r e a t  capacity t o  f i x  Cs, but  a ,  s o i l  which i s  dominantly i l l i t i c  i n  na- 

t u r e  may not sorb l a rge r  amounts of C s  than a r e l a t i ve ly  n o n i l l i t i c  s o i l  

due t o  some increase of addi t ional  s a l t s  i n  the  s o i l  solution of the  for -  

mer; (Khodes, l v ' ~ ' ( ) .  'lse amount ot' t o t a l  Cs-t'ixing mineral present i s  

a l so  important, so that. an i l l i t i c  s o i l  may not exhibi t  a great. Cs- 

f ixa t ion  capaci ty  because of a low t.ptal c lay content. The g i s t  of t h i s  

pa r t i cu l a r  discussion i s  t h a t  before ascribing a grea t  Cs-holding capac- 

i t y  t o  a s o i l  on the bas i s  of i t s  c lay  mineralogy, there  a r e  other  f ac t -  

o r s  t o  be  considered which may be of equal importance. 

While chemical f ac to r s  influence radiocesium accumulation i n  the 

s o i l  compartment, they also influence the re lease t o  vegetation compart- 

ments. Most of these re la t ionships  have been discussed i n  Chapter 11. 



D. S i t e  Comparisons 

Many of the  stages involving vegetation gains and losses  of radio- 

ce :ium exhibited more s i t e  s imi l a r i t i e s  than differences.  Signif icant  

s i t e  differences were observed in the mobility of this. element i n  s o i l .  

Radiocesium translocated from o r ig ina l  inoculations in to  leaves 

was sigrl if icantly l e s s  ( 1  per cent l eve l )  i n  t r e e s  on shale s i t e s  than i n  

t r ee s  on dolomitic s i t e s  during the  1960 growing season. Smaller amounts 

were a l so  translocated during the 1.961 growing season, but they were not 

s ign i f ican t ly  d i f fe ren t  a t  the  5 per  cent l eve l  from amounts translocated 

i n  t r e e s  on dolomitic s i t e s .  It i s  f e l t  t h a t  t h i s  smaller amount of 

t o t a l  radiocesium t ransfer  i n to  leaves was due mainly t o  time of inocu- 

l a t i on  i n  the case of the  1960 observations. One shale wet s i t e  t r e e  

was inoculated June 20th, and the o ther  two i n  the first week of JGly. 

These times may have correspon.ded t o  periods i n  the growing season which 

were l e s s  favorable f o r  translocation o r  per iods .of  temporary summer dor- 

mancy, as  described by Kramer and Kozlowski (1960). The smaller t r e e  

s i ze  and leaf  number of two of the  shale wet s i t e  t r e e s  a l so  may have 

contributed t o  t h i s  smaller amount of t ransfer .  

The amount of avai lable  (ammonium ace ta te  extractable)  K exerted 

no observable influence on radiocesium movement from trunk inoculatioris 

in to  leaves i n  1960, o r  from woody t i s sue  in to  leaves i n  1961.  he 

Sequoia and Monongaela (shale) s o i l s  contained two times more avai lable  

K i n  t h e i r  p ro r i l e s  thaii the Fullerton 8,n.d. laaadisburg (dolornitsic) s o i l s ,  

Two t r e e s  (one on l?uller-ton soil., one on ~on.ongahela) exhibited no s ig-  

n i f ican t  difference i n  r a t i o s  of K~~ t o  ~ s l ~ ~ i n  leaves a f t e r .  trunk 



inoculations of these two radioisotopes. Maximum movement of radiocesium 

in to  leaves of t r e e s  on the Sequoia s o i l  was s i m i l a r  t h a t  of dolomitic 

s o i l  t r e e s .  The higher K l eve ls  in  shale s o i l s  should influence plant 

uptake, o r  t he  recycling of radiocesium, a s  a r e su l t  of competeition f o r  

avai lable  ion exchange s i t e s  on plant  roots.  

The percentages of radiocesiu~n leached out by rain,  returned t o  

wood, and remaining i n  leaves a t  the  end of the growing season were re- 

markably uniform from s i t e  t o  sit,e. Tree t o  Drec varlatlons were la rger  

possibly due to such fac tors  as var.latj.on i n  Leaf coiiter1'l; number, 

canopy coverage over individual t rees ,  and individual physiological d i f -  

ferences. 

S i t e  dif ferences  i n  d i s t r ibu t ion  and mobility of s o i l  radiocesium 

were observed i n  1360 and 1961. I n  1960, the  Monongallela and Landisburg 

(wet) s o i l s  had a grea te r  l o s s  of radioceslum from t h e  top inch and s ig-  

n i f i c a n t l y  ( 1  per cent l cve l )  g rea t e r  penetration down t o  4 inches- In 

1961, the  wet s o i l s  had s ign i f ican t ly  grcatei .  ( 1  per cent l eve l )  losses  

from the top  inch than dry s o i l s  and,  s ign i f ican t ly  (1 per cent l eve l )  

g rea t e r  penetration down t o  12 inches. This grea te r  mnhility i n  wct 

s o i l s  may have been largely due t o  t h c  lai8ller- moistxre leve ls  maintained 

i n  these bottomland pos i t i o~ i s  and t o  the  smaller amourrt s of taat.al s l a y  

i n  t h c  top 12 inches. 

That s ign i f  ican.t differences in  rrrobility were not observed be- 

tween i l l i t i c  (shale)  s o i l s  and do1omitj.c s o i l s  may have been due t o  

severa l  f ac to r s ,  These  soil^ were a c i d i c  i n  reaction, and Klechkovsky 

(1957) demonstrated t h a t  ~s~~~ i s  sorbed more s tab ly  and i n  a more 



unexchangeable form i n  base saturated so i l s .  Prout (1959) found radio- 

cesium sorption t o  be pH dependent i n  kao l in i t i c  s o i l s .  Moreover, the  

t o t a l  amount of c lay  i n  the  Monongahela and ,Sequoia s o i l s  a t  the  0 t o  12 

inch depth was l e s s  than t h a t  i n  the  Fullerton and Landisburg. The higher 

I< love18 (total.. and exchangeable) i n  the  shale s o i l s  may have lowered 

t h e i r  po t en t i a l  t o  sorb small amounts of C s  due t o  K occupancy of f i x -  

a t ion  and exchange sites on the  c lay  minerals. Mobility of radiocesium 

i n  a l l  four  s o i l s  may have been l e s s  than t h a t  of many other  elements, 

f o r  92 per  cent of the  t o t a l  s o i l  concentration remained i n  t he  top 4 

inches a f t e r  one year and seven months. 

S i t e  differences i n  s o i l  and white' oak leaf  content of s tab le  C s  

wcre observed. S o i l  Cs showed a s ign i f ican t  '(1 per cent l eve l )  l i n e a r  

re la t ionship t o  c lay content, with a coeff ic ient  of corre la t ion of 0.87. 

This might be expected, a s  Vinogradov (1959) gave the  c r y s t a l  l a t t i c e s  

of aluminosil icates as the  solid. phase depository of t h i s  t r ace  element 

in s o i l s .  White oaks on t hc  dolomitic s o i l s  had almost two times m r e  

s tab le  Cs i n  t h e i r  leaves than those on the  shale s o i l s .  With the  small 

samgle number, no meaningful s t a t i s t i c a l  comparison could B e  made, but  

it i~ possible t h a t  the higher K l eve l s  i n  shale s o i l s  contributed t o  

the  smaller uptakc of Cs. 

E. Significance 

An attempt has been made t o  describe some of t he  movements of Cs 134 

i n  a fo re s t  ecosystem. This information i s  basic,  i n  t h a t  C s  occurs 

na tura l ly  a s  a t r ace  element i n  sqLl and vegetation, and pract ical ,  i n  

t h a t  it may be applied t o  radiocesium from waste disposal  operations o r  



nuclear weapons detonations. 

While C s  i s  not  e s sen t i a l  t o  plants,  it represents one of many 

elements t h a t  a r e  taken up from the s o i l .  Information on the contents 

of na tu ra l  C s  i n  p l an t s  i s  scarce, and the work of Yamagata, e t  al .  (1959) 

and Bertrand and Bertrand (1949) represents much of our knowledge on t h i s  

subject .  The present study has i l l u s t r a t e d  the magnitude and r a t e s  of 

some of the  t r ans fe r  stages of t h i s  element a s  they occurred i n  a re la -  

t i v e l y  simple fo re s t  system.. It has a lao  illus.tra..ted how cer ta in  edaphic 

and environmental f ac to r s  may a f f ec t  these stages.  Analyses of s o i l  

content of na tu ra l  C s  have been more numerous than plant  content analyses 

(~inogradov, 1959). With the new ana ly t ica l  techniques available,  such 

a s  act ivat ion analysis  and cathode-layer arc  spectrography, perhaps new 

information on t h i s  element and others w i l l  be provided. 

The significance of' t h i s  study in. predicting t he  behavior of f a l l -  

out  radiocesium, o r  radiocesium from waste disposal  operations, l i e s  i n  

t he  elucidation of pa.t:hs ~f mmovcmcnt fl-ulll urle system compartmerr.l; t,n 

another and the speed a t  which these t ransfers  were made. Passage of 

t h i s  radioisotope through vegetation i s  rapid. ~ a ~ . l o u t  ~s~~~ absorbed 

by t r e e  leaves o r  taken ug f r n m  the   oil w i l l  s u u ~ l  s'eacli the  ground 

through the leaching act ion of r a i n  and leaf  f a l l .  In  the  case of conif- 

e r s ,  i n  which leaf  f a l l  I s  extended over lorlger periods of time, ra.in may 

be more important than leaf  f a l l  i n  accelerating the  re turn t o  s o i l .  For 

herbaceous plants,  pa r t i cu l a r ly  annuals, t h i s  re turn would be of shorter  

duration due t o  the  rapid leaching of radiocesium from dead' pla.nt par t s .  

Rain can a l s o  spread contamination from one plant  t o  another as  i l l u s t r a t e d  



by understory contamination from inoculated t r ee s .  L i t t e r  from contami- 

nated p lan ts  affected radiocesium t r ans fe r  t o  o ther  p l an t s  a s  we l l  as  t o  

the  s o i l .  

The high r a t e  of re turn t o  t he  so i l ,  and subsequent low percentage 

of uptake by vegetation might tend t o  minimize the  hazard of f a l l o u t  i n  

na tu ra l  vegetation. But low-level radioactive waste operations may pro- 

duce leve ls  of contamination several  thousand times higher tha f a l l o u t  

l eve l s  (~uerbach,  e t  a l . ,  1959). Even with the  high r a t e  of re turn t o  

the  so i l ,  t r e e s  may s t i l l  be contaminated f o r  severa l  years a t  l eve l s  

wel l  above f a l l o u t .  It i s  possible t h a t  t rees ,  with t h e i r  deeper root 

penetration, can take up atomic wastes buried i n  t he  s o i l  o r  in waste 

p i t s  and t r ans fe r  them t o  other  sha.110~ rooted p lan ts  which might not 

have been contaminated otherwise. 

Levels of radiocesium used i n  t h i s  study (2,0 mc per  t r e e )  re -  

sul ted in concentrations i n  vegetation many thousand times g rea t e r  than 

f a l l o u t  levels .  But experimental concentrations observed i n  various 

cycl ic  stages were s imilar  t o  those f o ~ n d  i n  the s o i l  of the  White Oak 

Lake luw-levcl w a ~ t e  disposa.1 area  a t  Oak Ridge (~uerbach ,  e t  a l . ,  1959). 

The cycl ic  behavior of showed some s i m i l a r i t i e s  t o  reported 

behavior of K, but  several  important differences were observed. Experi- 

ments on simultaneous r a t e s  of movement of Cs134 and Ku i n  inoculated 

t r e e s  indicated t h a t  both e1ement.s moved rapidly  i n  and out of while oak 

42 leaves. Buds were found t o  concentrate K , however, and no such csn- 

centra t ion of was observed. There was an average reduc t io~i  of l ea f  

radiocesium from observed maximums during both growing seasons of 67.5 5 



4.5 per cent.  This i s  s imilar  t o  a K reduction i n  leaves of 72.5 per  

cent reported by Lutz and Chandler (1946) f o r  several  hardwood species. 

The estimated average growing season lo s s  of radiocesium due t o  r a in  

leaching (15.1 ' 1.9 per cent) was much smaller than values reported f o r  

TC loss  from t r e e  crowns by W i l l  (1955) and Tamm (1951). Considering the 

0 
difference between ionic  r ad i i  of Cs (1*63 8) and K (1.33 A) ,  it may be 

t h a t  the  former does not follow K movements a s  c losely a s  would Rb, f o r  

0 
example, with a 1.49 A radius. Tota.1 radiocesium downward moveme~lt i n  

s o i l s  observed i n  this s t~ ldy  m y  have bee11 l e s s  than t h a t  of K subjected 

t o  the  same environmental conditions. 

Exh-en~ely r a p i d  t r ans fe r  of Cs134 from l i t t e r  t o  plants  indicated 

t h a t  t h i s  same pathway i s  avai lable  t o  potassium. Such t ransfers  proba- 

b l y  occur almost cont in i~a l ly  i n  fo re s t  systems. 

Ratios of avai lable  K t,n a~ra i l ab l c  otable Cs (8e~erniined by leach- 

ing with 1 r\l' - amni.um acetate)  i n  t he  experimental soil,a averaged. 9.  b +- 

7 3 - C i l  x 10 f 'nr A horizon0 and 3.3  L 0,8 x 10 f o r  B horiz~ns. Thic d i f -  

ference between r a t i o s  i n  A and B horizons i s  a t t r i bu t ed  t o  la rger  ava i l -  

ab le  K l eve ls  i n  the  A horizons. The average K t o  s tab le  Cs r a t i o  i n  
1 

3 white oak, leaves wa..~; b .  3 + 1.1 IC 10 . Ttlfs i s  of the  same order of mag- 

nitude as ' h e  s o i l  r a t i o s  of ava i l ab i l i t y .  Average t o t a l  K t o  t o t a l  C s  

r a t i o s  in s o i l s  have been given a s  2.0 x 10' f o r  Ja,pmese s o i l s  ( ~ a r n n ~ ~ t n ,  

3 e t  a l . ,  1953) and 2.7 x 10 f o r  a world average (~inogradov, ,1939). A l -  

though t o t a l  s o i l  K was not detzrmined i n  t h i s  study, it i s  probable that  

t he  t o t a l  K t o  t o t a l  C s  r a t i o  i n  these s o i l s  would be s imilar  t o  those 

reported. The mean s o i l  Cs value observed (4.67 5 0.35 pg per g s o i l )  i s  

c lose  t o  the  5 pg per  g s o i l  world average given by Vinogradov. 



X I .  SUMMARY AND CONCLUSIONS 

The cycle of Cs134 i n  white oak t r e e s  was followed from spring, 

1960, t o  autumn, 1961. Three t r e e s  on each of four  s i t e s  d i f fe r ing  i n  

s o i l  type and moisture were each inoculated with 2.0 mc Cs134. Gains and 

losses  of t h i s  radioisotope during the  growing season were estimated by 

sampling from inoculated t rees ,  understory, l i t t e r ,  and s o i l .  

Chemical arrd physical  properties of s o i l s  ( ~ u l l e r t o n  and Landis- 

burg on dolomitic dry and wet s i t e s ,  respectively; and Sequoia and 

Monongahela on shale dry and wet s i t e s ,  respectively) were determined. 

With rapid t ranslocat ion i n to  leaves from i n i t i a l  trunk inoculs- 

5 6 t ions  i n  the  spring, white oak leaves contained 10 t o  10 dpm Cs134 pe r  

g dry weight by e s r l y  June. This represented a t o t a l  t rancfer  of about 

per  cent of the  o r ig ina l  input. With the  f i r s t  ra ios  Pollowing inocu.- 

la t ion,  loss  of radiocesium from leaves began. These losses  continued 

t;hroughout the  growing season unt i l  September9 by which time t o t a l  l o s s  

of 15 per  cent of %he observed maximurn conccntration i n  leaves had occur- 

red. Of' t h i s  ra.i.a-induced loss,  '70 per  cent reached the  mineral soi.1 by 

September, the  remainder being located i n  11'l l;ar aqd understnry vegetation 

Radiocesium transferred from t r e e s  v i a  annual leaf  P a l l  was ap- 

proximately two times gre3ter  than the  quanti ty exported 'by ra in .  With 

subsequect lcaching over the  win*er mont.hs, the  l i t t e r  prozuced by ioocu- 

la-lied t r c cc  lost  ahout ha l f  of i t s  radiocesium t o  the  mineral s o i l .  

Pa,ssa.ge of t h i s  element tnrough t rees ,  l f t t e r ,  and roots  was found 

t o  be very rapid. T r a ~ s f e r s  from l i t t e r  t o  vegetation were democstrated 

as well a,s t r ans fe r s  by leaching from l iv ing  leaves t o  understory 



vegetation. 

Downward movement of radiocesium i n  s o i l s  under tagged t r ee s  was 

observed, and s o i l s  on wet s i t e s  had s ign i f ican t ly  grea te r  percentages 

a t  lower depths down t o  12 inches (30 cm). However, 92 per cent of the 

t o t a l  s o i l  radiocesium remained i n  the  top 4 inches (10 cm) one year and 

seven months a f t e r  t r e e  inoculation. A de f in i t e  pa t te rn  of dis t r ibut ion,  

presumably re la ted  t o  leaching and stem flow, was found under tagged 

t r ee s ,  with 19 per cent of t h e  s o i l  radiocesium occurring near the trunk 

and 80 per  cent confined t o  t he  area underneath the crown. 

Total  annual loss  of t h i s  radioisotope from inoculated t r e e s  was 

estimated ah 19 per  cent uf the o r ig ina l  inoculation. Results from anal- 

y s i s  of four t r e e s  harvested a t  the end of the study indicated tha t  e s t i -  

mates of radiocesium remaining i n  t r ee s  one year and seven months post 

inoculation were 13.3 ' 3.0 per cent, high. 

Stable Cs determinabions i'or s o i l  horizons and white 0n.k 1 e a v . e ~  

showed t h a t  the q ~ a n t i t ~ i e s  of,  c ~ I ~ ~ ~  i.rrvolved in  a l l  stages nf this cu- 

perlment were very small compared t o  na tura l  l eve ls  of C s .  

Ascertaining the  r a t e s  and pe rcen t~ees  of ~0~~~ Lransf'er Prom one 

f u 1 . e ~  L system compa.rt.ment t o  ar1u Lher serves several  ob jectAves. It adds 

t o  our knowledge of the na tura l  behavior of t race  elements which, lacking 

n u t r i t i o n a l  significance,  nevertheless appear in  na tura l  vegetation. It 

a l so  gives ce r t a in  bases f o r  predicting behavior of radiocesinm which 

might enter  such a system a s  f a l l ou t  o r  a3 a product of atomic waste 

disposal  operations. Finally,  de ta i led  knowledge of the  behavior of 

t r a c e r  Cs i n  na tura l  systems may provide clues t o  a b e t t e r  understanding 

of the  behavior and ro l e  of K, an e le~r~ent  of nu t r i t i ona l  significance 

which i s  re la ted and s imi la r  t o  C s  i n  cer ta in  ways. 
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