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CHAPTER I 

INTRODUCTION 

Land Appli cation Of S ewage  Sludge 

Many communitie s  that fac e a sludge di spo sal problem 

have considered land application of sludge a s  a viabl e  means 

or di sposing s ewag e  sludge produc ed by wast ewater treatment 

plants .  Land appli cation of sludge becomes  even more  feasi

ble .(when c ompared with alternat e methods such as  incinera

tion or land fill ) as air quality c ontrols  become  more  

stringent on inc in erator emi ssion s  and land fill s beco•e 

les s availabl e and more co stly to  u s e . In addition , land 

app�ication is an agriculturally beneficial di spo sal method 

sinc e the s ewag e  sludge can be used  as  a s o il conditioner 

and a nutri ent s ourc e  for plant s and crops . 

The Federal Environmental Prot ection Agency (EPA ) 

strongly favor s land applicat ion o f  sludge as  a dis po sal 

m ethod and require s  c ommuniti e s  to con s ider the appli cation 

of s ewage was t e s  to land as one of their alt ernat ives  to  

advanced  wast ewater  treatment in  order· to  be eligible for 

federal funding to improve s ewage  wast ewat er treatment 

faciliti e s . 1 Although u se  of  s ewage sludge on the land has 

definit e benefit s ,  s everal potential probl em s may develop 

when applying thi s metho d of di s po sal . One main c onc ern ha s 

been the po s s ibi�ity of toxi c metal pollution o c curring in 

the application soils . If high c onc entration s  of zinc , 
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copper , lead , cadmium , etc . are pre s ent in the  sludge ,  they 

may be retained by the soil and ac cumulate to levels which 

pos e·a health r i sk to  the environment . 

To· minimi z e risks  from sludg e applicati on on land 

2 

it i s  neces sary to  impo se  c ertain regulations  and r estric 

tions on sludge  application rat e s  and managem ent t echnique s .  

EPA i s  primarily re sponsibl e  for mo st of the  r egulations 

and guidelin e s  appli ed to  sludge di spo sal . Included in the s e  

guideline s  i s  the  requirement to  analyz e  the sludge for any 

harmful or pot entially toxic  c ontaminant s it may c ontain . 

Appli cation s o il s  should also be analyz ed t o  e stabli sh a 

bas e  referenc e before the addition of sludge and t o  deter

mine any unusually high c onc entrations of element s that 

would restrict  loading rat e s . 

Scope  Of Study 

Thi s  study was conducted to det ermine the  trac e 

metal conc entrations  in s ewage sludge for the  city  of  

Brookings. S . D .  Instrumental Neutron Activati on Analysis  

( INAA ) was u s ed to det ermine the trace  metal c ont ent since  

thi s methodology yi elds ac curate , preci s e  r e sult s for  many 

element s at one time with a minimum of chemical and physical 

manipulation . Sludg e samples  were collected  from the wa ste

wat er plant of  Brooking s as  were soil sample s  from farming 

areas s elected  as potential sludg e applicat i on site s . 

Standards and sample s  wer e irradiat e d  in a TRIGA 



reactor at Wa shington Stat e Univ er sity . The gamma ray 

· spectra were analyzed  u sing a lithium drift ed g ermanium 

crystal det ector and a multi channel analyzer . Thirty two 

different tra c e  m etal s were identified and their c oncen

trations  det ermined  for both sludge and s oil . 

3 
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CHAPTER I I  

REVIEW OF THE LI TERATURE 

Charact eri sti c s  Of S ewag e  Sludg e  

During t h e  pro c e s s  of  wa st ewat er treatment, s edimen

tati on tanks are u s ed that leave behind a s emi-liqui d  

sludge .  Sludge may b e  defined a s  a s emi-liquid  wast e having 

a suspended solids  cont ent of  at l east 2 , 5 00 part s per 

�illion ( ppm ) which  flows,_ can be  pumped, and exhibit s 

delayed settling charact eri sti c s  in gravity s ettl er s . 2 

Phy sically, sludge i s  a brown to black liquid with  a thin 

batt er-like c on s i st ency and has an earthy o dor  likened  by 

some t o  that of  crude oil  or  tar . The chemi cal and phy sical 

compo sition of  sludge s may vary, depending upon the s i z e 

and efficiency  of  the treatment facility, the  s i z e  o f  the 

community, the  number and type of  indu stry in the co mmunity, 

et c .  Sludge s may be  clas sified acc ording to  the  stage  o f  

treatment or  specific pro c e s s  b y  whi ch they were produc ed . 

Som e  o f  the more  common typ e s  o f  s ewage sludge s are briefly 

de s cribed as follows : 3 

1 . ) Primary treatment sludge : Primary sludge s re sult 

from solids s ettling out of wast ewat er s during proc essing 

· in a primary t r eatment tank . They are raw, un stable,  and 

require further tr eatm ent . 

2 . ) Act ivat ed sludge :  Activat ed sludge s are produced  

when efflu ent s flowing off the  s ettling tank s fro m  primary 



treatment are agitated and constantly supplied with air . 

These sludge s mainly c onsi st of the bodies o f  organisms  

which grow and multiply rapidly on  the decaying wastes  

pres ent in.the wastewater as  aeration proc eeds . These organ

ism s  s ettle out as a sludge in final sedimentati on tanks 

and are unstable, still subject to much decompo s ition . Like 

primary sludge s, activated sludges require further  treat

ment before di sposal .  

3.) Chemical sludg e :  Chemical sludg e s  are produc ed 

when chemical s  like alum , lime , ferric salts, organic poly

mer s, or other s ettling agents are u s ed during primary or 

secondary treatment to help precipitate pho sphorus and sus

pended s olids during s edimentation period s . 

4.) T�ickling filte� pro c e s s  sludge : Filter sludge s 

are produced  when primary effluents are sprayed over deep 

beds or  stone where biological growth take s plac e on the 

stone surfac e s .  A humus type of  sludge re sults  whi ch i s  

unstable and r equires  further treatment . 

The previou s four types  of  sludge are produc ed 

5 

dur�ng  the treatment of  wastewat er and are c olle cted out by 

the u s e  of s edimentation tanks . The s e  sludge s contain organ

ic  solids whi ch can undergo further decompo sition and stabil

ization . This decompo sition is usually done by further 

biological treatment . The following two sludge type s  re sult 

from the treatment of mixtures  of primary, a ctivat ed,  and 

trickling filter sludges . 



5.) Anaerobically digested sludge: Anaerobi c  sludge s 

are the mo st common type of  sludge and are produc ed widely 

in the U.S. fro m  mixture s  or primary and activat ed sludges. 

primary and trickling filter sludge s. or modification s or 

these  systems . The mixtures  are treated in large c overed 

tanks. or digest ers. where biological activity o c curs in the 

abs ence of oxygen . During this  dige stion pro c e s s. organic 

matt er i s  first  c onvert ed to  solubl e organic acid s  and then 

partially c onvert ed to carbon dioxide and m ethane gas .  In 

efficient sy stems. a period of  10 to  12 days is  sufficient 

to produc e. a- stabilized sludge . 

6.) Aerobically digested sludge : A erobic s ludges  are 

prod�c ed by small c ommunitie s  in syst ems where air i s  forc ed 

through the s ludge mas s .  Th±s proc e s s  produc e s  the oxidation 

or biodegradabl e  matt er to form a mas s  of microbial c ells 

followed by further oxidation or that microbial , c ellular 

mat erial . Thi s  redu c e s  the volume of sludge and odor  pot en

tial so that the s e  sludges  are acc eptable for u s e  on the 

land as  soon a s  the pro c e s s  is  compl et e .  

Municipal sludg es  normally contain an inorgani c 

mineral fract i on along with.the organic fract i on in the 

solids port ion of  the sludge .  Anaerobically digested sludge s  

generally c ontain 5 t o  10 percent solids and 90 t o  95 per

c ent water . Sludge s  contain many chemi cal el ement s in both 

organic  and mineral form . Many of the important c on stituent s 

found in primary and digested sludge s are li s t ed in Tabl e 1 .  

6 



While some  c onstituents such as  volatile  s olids, heat of 

combustion , and nitrogen decreas e  with dig e stion , mo st 

other c onstituents  tend to be c onc entrated . 

Table 1 • . Average c onc entration of c onstitu ent s in primary 
and dig e sted sludge s  from 33 U . S .  treatment 
plants . .. 

Raw or  Primary Dige sted or Stabili z ed 
C onstituent ( g eometric  mean* ) ( g eometri c  m ean* ) 

mg/kg exc ept where otherwi s e  noted 
Nitrogen 8 0 , 000  37 , 000  
Pho s phorus 9 , 070  1 6 , 70 0  
Sulfur 3 , 1 00 6 , 0 1 0  
Boron 7 7 5  3 8 0  
Cadmium 27_ 4 . 3  
Cobalt 41 0 290  
Copper 740 1 , 270  
Mercury 8 . 2  6 . 5  
Mangane s e  46 0 475 
Nickel 420 530 
Lead 1 , 1 5 0 2 , 21 0  
Silver 35 5 1 90 
Stron-tium 1 7 5 290 
Zinc 1 , 7 40 2 , 9 00  

% Volatile  Solids 74 . 4  5 1 . 9  
BTU/lb 7 , 9 1 0  5 , 8 5 0  

* The n th root  of the product of n obs erved value s .  

7 



Toxic Element s And Soil Charact eri stic s  

In all muni cipal was t ewat ers small c onc entration s  

of trac e  element s always exi st .  They originate from biolog

ical mat erial , c on sumer goods , and wear and t ear of  metal

lic items  in and around the household . Onc e in the waste 

wat er , trac e elem ents qui c kly become insoluble  in wat er 

through inorganic  precipitat ion or surfac e ads orption on 

organic s olids . During the wast ewater treatment , trac e 

elem_ent s are largely removed from the di sc harging effluents 

and c oncentrated into the sludge . 5 

The tra c e  elements pres ent in sludg e s  are e specially 

important b ecau s e  many trac e elements  in minut e quantitie s  

are _e s s ential t o  biologi cal growth . At hig h  c onc entrations , 

however , trac e elements bectime detrimental to organi sms . 

Be side s the a cute toxic itie s  observed under ma s siv e dos e s  

and chronic effects  due to  long-term expo sure at sublethal 

concentration s , there ar e also  indications that some  ele

ment s may accumulat e in  c ertain s egments of  the environ

ment through chemical immobilization ( in s oil s ) or through 

biomagnification ( in plant ti s sues ) and gradually build up 

to potentially hazardous  level s . ' For example ,  data in 

Table 2 indi cate s the increase  of trac e elements in the 

top 30 em of s o il aft er sludge  application , while Tabl e 3 

repre s ents data obtained from a study of  l ettuc e grown on 

sludge treated  soil . 

8 



Table 2 .  Incr ea s e  of  tra�e element s in soils  treat ed with 
1 80 metric t ons  per hectare of  c ompo st ed  s ewage  
sludge s .7 

SOIL  DEPTH 
Ocm - 30cm  30cm - 60cm  60cm  - 9 0cm 

Elem ent C ontrol Tr eat ed 

Cadmium 0 . 7  1 . 3 
Chromium 1 2 . 7  23 . 6  
Copp er 1 5 . 4  28 . 3  
Nickel 1 0 . 6  1 4 . 7  
Lead 1 3 . 5  44 . 8  
Zinc  6 5 . 3  9 5 . 8  

Control j Treat ed 
(p  >m) 

0 . 7  0 . 7  
1 2 . 3  1 1 . 6 
1 5 . 1  1 3 . 8  
1 0 . 4  9 . 4  
1 2 . 2  1 2 . 0  
60 . 2  5 7 . 0  

C ontrol 

0 . 8  
1 3 . 2 
1 5 . 6  
1 0 . 8  
1 3 . 2  
6 1 . 3  

Tabl e 3 .  Tra c e  element s in lettuc e grown on  a sludge  
amended soil .8  

Sludg e Applied  Element Conc entrat ion in Plant 
metric  ton/hectar e  Zn Cu Cd 

( ppm ) 
0 5 8 . 8  6 . 2  1 . 9 

11 . 25  90 . 7 8 . 0 2 . 1 
22 . 5 0 1 41 . 3 6 . 0  4 . 0  
4 5 . 00 1 5 1 . 6  6 . 1  4 . 1 

Treat ed 

0 . 7 
1 2 . 2  
1 4 . 5  

9 . 9  
1 2 . 8  
6 0 . 0  

Ti s sue  
Pb  

5 . 6  
4 - 4  
5 . 4  
4 . 6  

Bas ed on the chemi stry in soil s, ·element s mo st 

likely to  po s e  a s eriou s ha zard in land appl i c at ion of 

sludge s  are Cd , Cu, Mo , Ni , and Zri . The impact of  the s e  

potentially ha zardou s element s on plant s grown i n  sludge 

cropland may b e  demon strat ed by reduced s o il f ertil ity  and 
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incr ea s ed plant uptake of  the s e  element s .  Experimental data 

shows that plant spe c i e s, metal el ement s, and s o il pH all 

exhibit influen c e s  on phytotoxicity and el emental uptake 

patt ern of c rops grown in sludge amended soil . In plant s, 

leaves  appear to accumulate great er conc entrations  of trac e 

element s than do  frui t s  or grains . For both tolerant plant s 

and s ensitive plant s, phytotoxicity and increa s ed uptake of  

trace  element s are  more  acut e in  acid s oil a s  c ompared to  

calcareous s o il s . 9 

Result s of laboratory studie s, though limit ed in 

their applicability to field situa�ions, have outlined �ome  

ot the  signifi cant factors  involved in  the  att enuat ion of  

hazardous element s by  the  s oil . Specifically, they showed 

that the factor s are : kind and c onc entration o f  trace  ele

ment s  in the s ludge ; soil pH ; cation exchange  capacity ; 

clay content and organic  matter content ; iron, aluminum, 

and mangane s e  o xide c ontent ; texture, kind and amount of  

mineral c ont ent ; oxidation-reduction c ondition ; structure 

and perm eability of  the soil . All of  the s e  play ( togeth.er 

and independently ) maj or roles  in det ermining the fate of 

trac e el ement s when appli ed to the soil . 10 

Trac e element s such as  Ni, Cu, Pb, Zn, Mn, and 

other s exhibit rather high affinities  for s oil organi c 

matt er . More or  l e s s  stable, solubl e and insoluble com

plexe s betwe en th�se  elements and soil organi c matt er may 

form . The tra c e  el ement - organi c complexe s hav e not been 

1 0  



characteri z ed in detail, but it i s  generally known that 

they involve binding of the trac e element ion through prin

cipally carboxyl and phenolic functional groups  in the  

organic matt er .1 1 

The pH of the soil s olution plays an important part 

in the relative  mobility of many trac e element s .  The r ela

tive  mobility of Cd, Ni, Hg, Zn, As , B e, Cr, Cu, Pb, and Se  

in soils influenc ed by s oil  pH  are summari z ed a s  follows : 

In  ac id soil s  {pH 4 . 2  to 6.6) Cd, Ni, Hg, and Zn 

11 

are "relatively mobil e" ; A s, Be, and Cr ar e " moderat ely 

mobile" and Cu, Pb, and Se  are "slowly mobile" .  In neutral 

to alkaline s oil s ( pH 6.7 to 7 . 8 )  As and Cr are r elatively 

mob�le; B e, Cd, Hg, S e, and Zn are moderat ely mobile and Cu, 

pb , and Ni are cla s sifi ed as  slowly mobil e . 1 2  The preferr ed 

soil for land appli cation i s  usually mineral s oil ( l e s s  than 

1 0  perc ent organic matter ) fine to medium t e xtured {loam or 

silt loam ) and either neutral or alkaline ( pH great er than 

6. 5 ) . 13 
Figure s  1 and 2 help illustrat e the  rang e that 

exi st s  betwe en soil s to  att enuate vari ous metal cations  and 

anions .  



Figure 1 .  R elat ive capac ity or  soils  or  varying propert i e s  
f o r  various  cations . 1 � 

. SOIL PROPERTY CAPACITY 

T exture S . A . *  Fe 2 0 3 Clay Cu Pb Be  Zn Cd Ni Hg 

ay 7 23 52 
Silty Clay 1 20 5 . 6 29 
Clay 1 28 2 . 5  40 
Clay 1 22 3 . 7  46 
Sandy Loam 38 1 . 7 1 1  
Clay 5 1  1 7  6 1  
Silty Clay Loam 62  4 3 1  
Sand 9 1 . 8  5 
Sandy Loam 20 1 . 8 1 5  
Loam Sand 8 0 . 6 

* Surfac e  Ar ea (cm 2 /gm ) 

Figure 2 .  R elative  capacity or soils  of varying properties  
for various anions . 1 5 

SOIL PROPERTY CAPACITY 

T exture S.A.* Fe 203 Clay Se03-
ay 7 23 52  

Silty Clay 1 2 1 5 . 6 5 0  
Clay 5 1 1 7  6 1  
Silty Clay 62 4 3 1  
Clay 1 22 3 . 7  46 
Clay Loam 1 28 2 . 5 40 
Sand 9 1 . 8 5 
Sandy Loam 38  1 . 7 1 1  
Loamy Sand 8 0 . 6  4 
Sand Loam 20 1 . 8 1 5 
* Surfac e Ar ea ( cm 2 /gm ) 

1 2  



Nitrogen 

The rat e o f  sludge appli cation to  land i s  bas ed on 

the nitrogen r equirement of the crop grown and the  m etal 

cont ent o f.the  sludg e . I f  the sludge b eing applied  has a 

low metal cont ent , then it i s  po s sible to  u s e  the  s ludge a s  

a nitrogen fertili z er mat erial .16 The typical f ert il i z er 

value s  for a r epr e s entative sludge are l i sted  b el ow . 

Table  4 .  Compo s ition o f  repr e s entative anaerobic s ewage  
sludge s . 17 

Component Range * 

Organic Nitrogen 
Ammonium Nitrog en 
Total Pho sphoru s 
Total Potas s ium  

1 % -
1 % -

1 . 5% -
0 . 27%  -

* P erc ent of  oven dry solid s 
t P ound/ton dry sludge 

5 %  
3% 
3%  
0 . 8 % 

P ound s / t on 
20  - 1 00 
20  - 6 0  
3 0  - 6 0  

4 - 1 6  

t 

The main c onc ern with nit rog en due to  sludge  applica

tion i s  the pot ential ha zard from nitrogen in the  N0 3 -N 

form . Concentrations  or  N0 3 -N in exc e s s  of  1 0  ppm in dom e s

tic  water suppl i e s  and in exc e s s  of 0 . 2%  in ani mal f e ed s  

are considered  unsafe for human and animal c onsumpti on 

re spectively . 1 8 The amount of N03-N in the s o il and that 

availabl� for ground wat er pollution are clo s ely r elat ed  to  

the biological tran sformation of N. The N added t o  aerat ed 

s oils  from organic  and inorganic sourc e s  i s  either  in the 

N0 3 form or under a erat ed soil conditions  is  c onv ert ed 

3 S.7 o9 '-J f ./ u 
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1 4  

through minerali zation and o xidation t a  the N03 form . In  

ana�robic s oil s ( wat er saturat ed s oils  with low oxygen 

content ) N i s  mineralized to NH3 instead of being  oxidi z ed 

t o  N03 and . any N03 that was pres ent in the s oil  i s  r educ ed 

to  ga seou s  N 2 0 and/or N2 by microbial pro ce s s es and r el eased  

to the  air .  Crop  plant s utili ze  either NH- or  N03 and c on

vert the  N into  prote in . Thu s a simple N cycle  can  be  vi su

ali zed  as  N input from  the sludge that is  balanc ed by 1 )  

harvested crop s , 2 )  leaching of N03 in drainage wat er , and 

J) volatilizat ion from  the soil a s  NH3 or a s  N20 and N2• 

The capacity of  soil for nitrogenous c ompounds  i s  there�ore 

dependent upon the r emoval by crops plu s that volatili z ed 

as NH3 , N 20, or N2• The removal of  N in harv e st e d  crops  i s  

usually about 5 0 %  of the  total input , but thi s r emoval can 

vary from �bout 2 5 %  to 7 5 %  depending upon the crop , and the 

level of N input relative to the crops ne ed s . 1 9 Thus by 

proper balancing  betwe en the amount of nitrogen added  from 

sludge applicati on and the amount removed from  the s oil by 

crop us e and volatili zation , the amount of  N03 l e ft avail

able for leaching int o the groundwat er suppli e s  may be  kept 

at a minimum . 



CHAPTER I I I  

METHOD OF  ANALYSIS  

Introduction 

Trace element content of the Brooking s sludg e and 

soil samples  was determined by the method of Instrumental 

Neutron Activat ion Analysi s ( INAA ) . INAA was cho s en a s  the 

means of analys i s  b ecause  it has s ev eral advantag e s  when 

�ompared with other methods : 

1. INAA i s  non-destructive; thus  sampl e s  may be  

stored and re -analyzed in the futur e .  

2. Many element s can be det ermined at one time . 

This minimi z e s  the pos s ibility of overlooking 

a trace  element whos e role in nutrition and 

health is unknown at pre sent . 

3 .  A minimum of chemi cal manipulation i s  r equired. 

Thi s  reduc e s  the ri sk of syst emat i c  sample los s  

and/or contamination by chemical r eagent s .  INAA 

i s  an accurat e method for tra c e  analy s i s . 

15  

4 .  INAA is  a v ery sensitive method and ha s det ection 

limits  of le s s  than 1 part per million for many 

el ement s .  

INAA Theory 

Many arti�les and texts have been writt en on the 

subject of neutron activation analysis. The following 



dis cu s s i on i s  meant t o  give a bri ef overview of  the prin

ciples  c onc erning INAA . For a more detailed study, the  

reader is  referred t o  the text edited  by D eS o ete, N eutron 

Activation Analysi s, li sted in the bibliography at the  end 

of thi s report . 

INAA e s sentially depends upon the radioactivation 

1 6  

or element s and the  det ection of  the gamma radiation given 

orr as the radioactive  atoms  decay . Activati on i s  �enerally 

brought about by the bombardment of the sample with thermal 

neutrons . Thermal neutron s ar e neutrons with  a m ean energy 

of 0 . 025  eV  whi ch c orresponds to t�e most  probable  v elo�ity 

for a Maxwellian di stribution at a t emperature o f  20 degre e s  

C el sius . 20 The maj ority of the naturally o c curring elem ent s 

can be  d et ermined in the part per million ( ppm ) or  even the 

part per billion ( ppb )  range with a thermal neutron flux 

around 1 01 2 neutrons per cm 2 per s econd . 21 

The probability that a part icular element  may absorb 

or capture a thermal neutron during irradiation dep ends  upon 

the nucl ear charact eri st ic s of the el ement . Thi s  probability 

for capture i s  r eferr ed to a s  the thermal n eutron cro s s  

s ectional area, a, and i s  u sually giv en in barns ( 1  barn i s  

equal t o  1 0 -2� c m 2 ) .  The amount o f  act ivati on o f  a given 

el ement will depend on the number of nuclei  pre s ent, the 

cro s s  s ect ional ar ea of the nuclei, and the int en sity  of  the 

neutron s ourc e u s ed for th e irradiation . The number of  total 

target  nuclei  pr e s ent for a giv en i sotope  i s : 



N = 

w (f) Av 

M 

where. N i s  the number of  target nuclei; w i s  the mas s  of  

the  given el ement; f is  the  natural fractional abundanc e  or  

the  i s otope; Av i s  Avogadro's number; and M is  the atomic 

weight of  th e i sotope . 

If the irradiation i s  performed in a react o r , the 

thermal neutron s travel in all dir ections  and the neutron 
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flux i s  defined a s  the number of neutrons per s ec ond pas sing 

in any direction through an area of one square c entimeter . 

For an irradiat ion with a neutron flux of F on a sampl e. 

containing N nucl ei  of  a giv en elemental i s otope  with cro s s  

section a, the number o f  reaction s  per s e cond i s : 2 2  

Number of reacti on s  per s e c ond = N oF 

Usually the irradiation will produ c e  a nucleus  which  i s  

radioactive . Element s activat ed by thermal neutrons gener 

ally decay b y  t h e  emi s s ion of  an electron (beta decay ) with 

a charact eristic  half life to a stable daught er el ement . An 

illu stration of  thi s tran sformat ion may be repr e s ent ed by 

the s cheme : 2 3 

(X) (n?y) ' (Y) 
t� 
s- (Z) ( st abl e )  

Stabl e nuclei  (X) are act ivated by thermal neutron capture 

( cro s s  s ection a) and transformed into  radioact ive nuclei  

(Y) which decay by beta  emis sion with a half l i£e of  t� to  



stabl e nucl ei ( Z ) .  An example of  thi s i s  the  activati on o f  

sodium : 2,. 

0 . 54 b 
(n ,y ) 

1 5  hours. a- 2. ,.Mg ( stabl e ) 

Normally only a small fraction of  the atoms  pre s ent for  

each el ement will experi enc e  neutron captur e . Therefore, 

the t otal number of  target nuclei pre sent can b e  a s sumed 

to  remain c on stant unl e s s  subject ed to  int en s e  l ev el s  of  

activation for  long periods of  time . 

The irradiation time for a sample will depend on 

the- i s otopes  to be  analy z ed and their re spec t iv e  hal f  

live s .  I f  a n  i s otope  c ontaining N target nuclei with  cro s s  

section o i s  plac ed in a neutron flux F, the number  o f  

product  nuclei , Pt' with decay c onstant A r emaining aft er 

an irradiation period of  t s econds i s : 2 5 

When the irradiation i s  perform ed for a r elatively large  

time  t c ompared to  the  half life  t!' the exponent ial t erm 

become s appr e c iably small and the number of  product  nuclei  

will reach a limit, call ed the saturati on point, equal to  

NoF/A. That i s, equilibrium is  reached in  which  the rate 

of pr9duction i s  equal to  the rat e of decay . An irradia

tion which  last s for one half life of the produc t nucleus 

will produc e 5 0 % of the saturation amount, an irradiation 

of two half live s will produc e 7 5 %  of saturation , and s o  

1 8  



on .2& 

Following irradiation and the subs equent beta de cay 

of the radioactiv e  nuclide , the stable nucleu s  formed may 

be left in· an excit ed energy state .  When thi s o c curs the 

stable nuclide then returns t o  the ground stat e by the 

emi s sion of one or  more gamma ray s . The gamma s emitt ed have 

a di scret e energy di stribution c orre sponding to the energy 

difference s  b etween the various energy levels and the 

ground stat e of the nuclide . The decay s ch eme shown in 

Figure 3 for c opper illustrat es  the different en ergy level s 

and· the gamma rays that r e sult from the de- exc itation of 

the nuclide aft er beta decay . The gamma emi s sion from  the. 

stabl e nuclide o c curs on the order of 1 0 - 9 t o  1 0- 1 3 s e c ond 

aft er the initial beta decay .2 7 

Figure 3. Decay s cheme  for 6 6 Cu and the gamma ray s that 
r esult�2 8 

��Ct1 ( n,y ) �;cu 

min 

� ;cu 

828 KeV 
gamma 

10 3 9  KeV 
gamma 

6 6Zn 3 0 

E2 
= 1 867 KeV 

E 1 
= 10 3 9  K.ev 

0 KeV  Ground 
Stat e 
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Each radioactive  element has it s own charact eri stic  

gamma ray spectrum, analogou s to  a fingerprint, and the s e  

spectra are u s ed t o  identify the elements pr e s ent in the 

activated sampl e . A f ew el ements do not emit gamma ray s 

aft er beta decay ( the decay l eav e s  the daught er elem ent in 

the ground stat e )  and thu s can not be det ec t ed by INAA . 

Other el ement s ( mo stly of  lower atomic ma s s ) form  stabl e 

i sot ope s inst ead of radioactiv e  one s  fo�lowing neutron 

capture .  Sinc e stable i s ot op e s  do not decay , they al s o  can 

not be  det ect ed  by INAA . However , thi s i s  an advantage  when 

analyzing sludge and s oil samples . The biological matrix of 

the sludge and soil consi st s mainly of hydro gen, carbon , 

oxyg en, and nitrogen . The s e  element s all form stabl e i so 

topes  when act ivat ed and ther efore do not c o.ntribut e any 

background gamma s that might obscure the gamma spectra of  

the trac e element s pr e s ent . 

Detection Of Gamma Ray Spectra 

Gamma radiation is  normally detect ed by a s e micon

ductor mat erial . The absorption of the inc ident gamma s in 

the s emiconductor  mat erial produces  free  charge s  whi ch can 

be  collected  and mea sured .  A s emiconductor i s  u s ed a s  a 

det ector du e t o  it s el ectrical propert i e s . When the atom s 

of a semiconductor  are arranged clo s e  together in a cry stal 

latt ic e, the energy level s of  the el ectron s in the at om 

split up and giv e ri s e  t o  energy bands a s  i s  s chematically 

20 



shown in Figure 4. 

Figure 4. El ectron energy lev el s  in a s emic onductor . 2 9  

Wffi. 
I ntrinsic  
Semiconductor  
at  T = 0° K 

e e e 

Intrinsic  
Semic onductor 
at T = t° K. 

C onduction Band 

Energy Gap E g 

Valence  Band 
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At a t emperature of absolut e zero , the electrons in 

a s emiconductor  fill up compl et ely one or more  of the lowe st 

energy level s, the highe st  filled level being called  the 

valenc e  band . The valenc e  band i s  s eparat ed from the next 

higher one ,  the c onduction band, by a gap o f  forbidden 

energi e s , E , s o  that no conduction can o c cur . At any higher g 
t emperature , thermal exc itat ion will cau s e  s ome  elec tron s 

from the val enc e  band to  move into the condu ct ion band, 

leaving empty plac e s  or  "hol e s "  carrying a po sitiv e  charge  

in the valen c e  band . Excit ed electron s will fall back  to  

the  val en c e  band until a dynamic equilibrium is  r eached 

which is a function of t emperature . When an electric fi eld 

is applied to the s emiconductor the hol e s  and electron s 
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move to their re spective  el ectrode s  re sulting in c onduc

tivity . The abs orption of  radiat ion energy creat e s  addition 

al electron-hole pairs and the collection o f  the s e  charge 

carriers give s  ris e  to an output pulse . The durati on or the 

puls e  depends upon the thickne s s  or  the det ector  and the 

collection voltage , but it i s  typically about 1 0-7 to 1 0-8 

second . 30 The energy r e solution of  a semiconductor d etector  

may be expres s ed a s : 3 1 

Re solution. 6E/E = l£f/E 

where € is  the averag e  energy lo s s  per i on pair formation , 

E is the energy of the incident radiation ,  and r i s  a factor 

(les s than unity ) dependent upon the type  of  s emi c onductor , 

known as the Fano fac t or . Because  the energy s eparat ion 

between the valenc e electrons  and the conduction band i s  

small i n  semic onductor s , the averag e  energy los s  for each 

electron-hole  pair formed is low ( about 3 . 6  eV in Si and 

2 . 9  eV in Ge ) . 32 On the other hand , the energy of the  

incident gamma radiation i s  on  the  order of 1 0 3 to  1 0 6 eV . 

Becau s e  the average  energy los s  for ion pair  production i s  

extremely small c ompared to  the energy o f  the  inc ident 

gamma radiat ion , s emic onductors are capable of excellent 

energy resolution . For  a more detail ed di s cu s sion on s emi

conductor det ec t or s, the reader i s  referred to  the  t ext , 

Introduc tion to  Nuclear Physics and Chemistry by Harv ey , 

li sted  in the bib�iography . 
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Multichannel Analyzer 

Sin c e  the output puls e s  of a s emic onductor  detector · 

are on the order of millivolt s, preamplification of the 

signal i s  nec e s sary, followed by the main amplifi er whi ch 

provides  additi onal gain and also  c ontrols  the pul s e  shape  

for  optimum working c onditions .  The output s i gnal i s  then 

sent to a multichannel analyzer . The multi channel analyzer 

makes  us e of an analogue to  digital converter ( A . D . C . ) and 

a memory dev i c e  t o  allow the simultaneous measur ement and 

storage of the pul s e  amplitudes . Thus, pul s e s  of different 

energi e s  are stor ed as " c ount s "  per channel in the memory . 

A block  diagram of a mult ichannel analyzer i s  shown below 

including some  of the auxilary equipment that may be u s ed 

along with the  analyzer . 

Figure 5 .  Scheme · of a multichannel analyzer and r elat ed 
equipment . 3 3 

--- +amp � �er ou pu 
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� 
ANALYZER 

Memory 
Lo.. 

� 

R e c order 

O s c illo s c ope 
Di s play 

Print er 



The u s e  of an A . D . C .  impli e s  that a finit e r ecovery 

time exi st s for the syst em aft er a puls e o ccur s, dependin g 

on the A . D . C .  o s cillator frequency and the r ead- in tim e of 

the analyzed pul s e  into the memory . With fast analogu e  t o  

digital c onvert er s ( 1 00 MHz o scillator frequency ) a r e cov 

ery time  on the order of s everal micro s e c onds  p er  c ount can 

be obtained . 3 - Whil e the analyzer i s  recov ering from  a 

count the syst em  i s  " de�d" to  further det ection . Thi s  

momentary laps e  is t ermed " dead time " and can b e  expr e s s ed 

a s  a fraction of the t otal analyz er time  ( live t im e ) u sed 

t o  record count s .  The fractional dead time, FDT, i s  defined 

FDT = DT/CT = ( CT - LT ) /C T  

where D T  i s  the t otal dead time, CT  i s  the a ctual clock 

tim e  during the c ount ing and LT i s  the liv e t ime  of the 

analyzer . The fractional dead time  may become  large when 

c ount ing short liv ed isotopes with high activity  rat e s .  

Howev er, by proper  choice  of geometry betwe en the act ivat ed 

s ourc e and detector , fract ional dead time may be  k ept low 

and c orr ect ed  for . 

Identifi cat ion And Quantification Of Ele m ent s 

By using calibration sourc es ( radionuclides that 

emit known gamma ray energi es ) the multichannel analyz er 

may be calibrat ed to  det ermine the differ ent gamma ray 

energi e s  pres ent in the  spectra obtained from the activat ed 
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sample s .  Onc e the gamma energie s  have been det ermined , the 

elements pre s ent in the sample may be  identifi ed . Sin c e  the 

mult�channel analyzer records  the number of  c ount s for each 

gamma ray energy det ermined , el ements pres ent can be  quan-

tified with the proper u s e  of  standards .  

The number o f  count s recorded by the analyzer i s  

proportional t o  the activity o f  the sample o r  standard 

being counted , namely APt . The activity in turn i s  propor

tional to the mas s  of the trac e element pre sent in the 

sample or standard . Thus, a direct proportion may b e  u s ed 

to  det ermine the mas s  of trac e element pre sent in the 

sample bas ed on the known trac e element content o f  the 

standard, and the ratio  of  sample to  standard count s re-

corded for ea ch element analyzed . Onc e  the data from  the 

standard and sampl e c ounts has been rec orded by a memory 

devi c e  ( magnet i c  tape, digital print out, etc . ) a c omputer 

or programmable calculator may be u sed to cal culate the 

trace  element c ontent of the sample . The amount o f  tra c e  

element i n  the sampl e  is  given by : 3 6 

s f(t) 
X X 

Where w is the weight, x and s refer to the sampl e and 

standard respect ively, C is the number of counts, S is a 

saturation factor based on the live count time, and f(t) 

is the decay factor. S and f(t) are expressed by the 

equation s: 3 7 
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S = 1 - exp ( - ALT ) 

and 

f ( t ) = exp ( - AT ) 

where  � i s  the  decay constant of the i s otope  of  int ere st , 

LT i s  the live count time , and T i s  the wait  time  before 

the sample or standard i s  c ounted .  I f  the neutron flux 

vari e s  between sample and standard and/or  dead  t i m e  i s  non-

z ero during a c ount , c orrection s  for thes e  variat i on s  mus t  
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also  be included and thi s will yi eld an overall equation of : 

DT 
___,! 
DT  s 

where  DT and fm are the  dead time and verti cal flux c orrec 

t ion factors  r e spectively ; all other symbol s are  tho s e  

defined previously . 

M ethods Of Analysi s For Cd, Pb , And N 

Cadmium , l ead , and nitrogen ar e some  of  the  f ew 

elements for whi ch INAA i s  not readily applicabl e. However, 

cadmium and lead are trace  metal s of  maj or conc ern becau s e  

o f  their pot ential toxicity to  animal s and humans a t  elevat

ed  l ev el s . Nitrogen i s  pot entially toxi c  if  leached into  the  

ground water in the  nitrat e form . Nitrogen i s  al s o  the  main 

nutri ent that det ermine s the fertili z er value ( along with 

pho sphoru s and pota s sium)  of  the sludge . 

Sinc e C d , · Pb , and N could not be det ermined  by the 



method of INAA u s ed in thi s study , values  for their c onc en

trations  wer e obtained from two s eparate  and independent 

analys es performed for Banner As sociat e s  of Brooking s .  

Sludge and · s oi l  sample s  were analyzed  for cadmium c ontent 

by Dr . David Hilderbrand of  the Chemi stry Department at 

s.n.s.u. The l ead and nitrogen cont ent of the sludge  was 

determined a s  part of  a s eparate analys i s  done by the 

Stat ion Biochemi stry Laboratory at s.n.s.u. 

Both cadmium and lead were det ermined  by the method 
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of  flame atomic  absorption spectrophotometry . Ato mi c  absorp

tion analysi s involve s acid digest�on of the s ludge ( or. 

s oil ) sample which i s  then aspirat ed into a flame and atom

i z ed .  A light beam is then directed through the  flame , into 

a monochromet er , and on to a dete ctor that mea sur e s  the 

amount of light absorbed by the at omi z ed ele�ent in the 

flame . For many metals, including cadmium and lead , at omi c 

ab sorption exhibit s  sensit ive and accurate r e sult s .  Because 

each metal ha s it s  own characteri s t ic absorpt ion wavelength , 

a s ourc e lamp composed of that element i s  u s ed for  the light 

beam . The amount of absorption at the characteri s tic wave

length that t akes place is proport ional t o  the  c onc entration 

of  the element in the sample. A more thorough d e s cription of 

flame atomic absorpt ion spectrophotometry may b e  found in 

Standard Method s For the Examination of Water and Wastewater 

15th edition, 1 989, published jointly by the American Public 

Health As socia t ion, the American Water Work s As sociation, 



and the Wat er P ollution C ontrol F ederation . 

Analys i s  for nitrogen involv e s  the det ermination of  

ammonia nitrogen and t otal or kjeldahl nitrog en . To det er

mine ammonia nitrogen , a preliminary di stillation of  a wet 

sludge sample is r equired . The di stillate is driven o ff in

to a solution of  boric acid which acts a s  an abs orbent for 

the ammonia . Titrimetric m ethods are then u s ed to det ermine 

the conc entration of  the ammonia pr e s ent in the  bori c acid 

solution . 

The k j eldahl method determine s  nitrogen in  the  tri 

negative stat e .  A chemical catalyst i s  added to  the  s ample 

of  wet sludge to  c onvert the amino nitrogen of  organic  

mat erial s pre s ent in  the  sludge  to  ammonium sulfat e .  Any 

fre e  ammonia or ammonium-nitrogen pre s ent in the  sampl e i s  

also  c onvert ed t o  ammonium s��fat e by the catalyst . The 

ammonium sulfat e i s  changed to  a mercury ammonium c ompl ex 

which is  then decompo s ed to  fre e  the ammonia . Thi s ammonia 

is  then di stilled  off into bori c acid and det ermined  by 

titrat ion with  a standard mineral acid . Sinc e the kj eldahl 

method determine s the total nitrogen pr e sent in the sampl e , 

if the ammonia nitrog en cont ent ha s been det ermin ed previ

ously , the organi c nitrogen cont ent may be  found by sub

traction . The read er is  again r ef erred to  Standard Methods 

f2.!: the Examination of \.Vater and 1.-/astewater for a more  

detailed de scription of  the  ammonia and kj eldahl methods . 
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CHAPTER IV  

EXPERIMENTAL PROCEDURES 

· P reparati on Of Sample s  And Standards 

The sludge sample was collected on 5 /29/ 1 979  from 

the Brooking s old munic ipal wast ewater plant whi l e  it was 

still in u s e . The dig e st ed sludge was taken from the  pipe 

used to  fill the  sludge  truck . The truck had been pumped 

3 /4 full to  make  sure the line was thoroughly purged before 

the sample wa s taken. The dige st ed sludge  wa s coll e c t e d  in 

a 5 00 ml whirlpak and then sharp fro zen for pres ervat i on .  
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To prepar e the sample for irradiation , the  s ewag e  

sludg e wa s t emporarily thawed , plac ed into smalle r  1 00 ml 

whirlpaks and refro z en .  S maller volumes  were  needed to allow 

the u s e  of  a vacuum fre e z e  dryer to dehydrat e the sludg e .  

The u s e  of  a free � e  dryer for d ehydration of  the  sampl e was 

cho s en over heat evaporat ion t o  pr event any lo s s  of  sampl e  

mat erial du e t o  volatili zati on . The re sulting solid  r e sidu e  

was then recombin ed and thoroughly mixed . F r o m  thi s mixed 

solid r esidue , sampl e s  of approximat ely 250 milli grams  each 

were  taken and s ealed in hi gh purity polyethylene vial s .  

Sealing of the vials wa s performed by low heat applied  with 

a small s oldering tip . Several vials were  pr epared  to allow 

the u s e  of duplicate  sample s for each irradiation run . To 

· t e st for any background c ontamination pre s ent ed  by the vials 

them s elv e s , blank vials were  al so  prepared and analy z ed for 



any s ignifi cant background effect . The relat ively s mall 

sample s i z e  ( 2 5 0  milligram s ) was u s ed due to re stric tions  

on  radioactivity l evel s for the activation analys i s  

t echnique . · 

S oil sampl e s  wer e collected on 6/3/ 1 979  from  three  

different sit e s . For  each sit e , two s eparat e markers wer e 

pos it ioned and sampl e s  were taken at random  from a rough 

circular area approximat ely 1 5 0 feet in diamet er , c entered  

at each  marker . Sampl e s  were collect ed with a c or e  sampl er 

to  a depth o f  approximat ely 6 to  8 inche s .  Four sampl e s  

were taken from each quadrant o f  the c ircl e for a total . of 

1 6  sampl e s  for each marker area and 32 total for each sit e .  

The  s it e s  sampl ed  wer e ( 1 ) a field southwe st  o f  t he Brook

ings  airport t ermed  " active  sit e "  where sludg e wa s b eing 

applied  at that time ; ( 2 )  a fi eld s outhwe st of  the Brook

ings  c emet ery t erm ed " u s ed sit e "  wher e sludg e had b e en 

applied  in the  pa st ; and ( 3 )  a pa sture area s outh of  the  

Brooking s N ew Wa st eWat er Treatment Plant ( NWWTP ) t ermed 

"new s it e "  wher e sludge  had never been appli ed . L egal 

de s criptions  of the soil sit e s  along with the lo cat i on of 

the sampl e area s u s ed are giv en in Appendix I .  

The s o il  sampl e s  for each sampl e area  wer e  k ept 

s eparat e and allowed to dry betwe en sheet s of filter paper . 

The s e  s eparat e groups were  then cru shed with a wooden rol -
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. ler a ft er drying �nd then sift ed through a # 1 0 s i ev e  follow

ed by a # 2 0  s i ev e  to  r emov e small pebbl e s  and organic  



matter . The r e sulting fine silt was then u sed t o  prepar e 

s ev eral sampl e vials from each area for irradiat ion in the 

same . manner a s  the sludge . 

Standards  of  approximat ely 25 0 milli gram s each  were 

prepared from the  National Bureau of  Standard s  biological 

and environm ental material s ; orchard l eaf , c oal , bovin e 

liver , and fly a sh .  The s e  standard s have been c ertifi ed by 

nat ional laboratorie s  u sing s everal independent m et hod s o f  

analys e s .  For  t h e  element silver , an Eastman-Kodak standard 

was u s ed .  The Kodak standard c on s i st s  of a high purity 

gelat in t o  whi c h  known amount s of  metal s hav e b e en added . 

The Kodak standard value s  hav e al so  been v erified  by s ever

al nat ionally recogni z ed laboratori e s .  The standard s were 

s ealed in polyethyl ene vial s in the same manner as were the 

sampl e s . 

Irradiat ion And C ount ing Of Samples And Standards  

Sampl e s  and standards  u s ed in  thi s study were 

irradiat ed in a TRI GA researc h rea c t or at the Nucl ear Radi 

at ion Center , Wa shingt on State University under a neutron 

flux of approxi mately 6x1 0 1 2  neutron s per c m 2  per s e c ond . 

A st eady s tate operat i on o f  one megawa tt  power output wa s 

u s ed for all irrad iat i on s performed. Standard s and sa mples 

were irradiated under virtually ident i c al c ondition s  in 

group s. Ea c h  group c o n s i sted o f  several sample and st andard 

vial s a s sembled t o gether for insert i on int o the rea c t o r  
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c ore  in a clu s t er or " packaged8 form . The entire package 

was rotat ed about a v ertical axi s during irradiat ion t o  

cancel out any variat ion s that might have exi sted in the 

horizontal neutron flux of  the core . Differenc e s  in the 

v ertical flux of  the c or e  were  det ermined and c orrect ed for 

with  the u s e  of flux monitors plac ed in the pac kage .  A dia-

gram of a sampl e- standard package i s  shown b elow . 

Figure 6 .  Diagram of an irradiation package  c ontaining 
s everal sample s  and standards .  

I 

x ·  1 

x4 

x6 

n 
x 2 X3 

x 5 s 1 

52 s 3  

I 

M 1 

M2 

M3  

x 1 to  6 = sampl e  vial s 

51 t o  3 = standard vial s 

M1 to 3 = vertical flux 
monitors  

The  sampl e- standard pac ka g e s  wer e divided int o 

three  separat e group s for irradiat ion and analy s i s  ba s ed 

on the produ c t  nuclei  half live s formed a ft er n eutron 
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capture . The s e  divi sion s were ( 1 ) short and v ery short , 

( 2 ) int ermediat e ,  and ( 3 )  long half live s .  Standards and 

sampl e s  analy zed  for el em ent s with short and v ery short 

half liv e s  ( on the order of  s ev eral minut e s  or  l es s ) were 

irradiat ed  for 10 minut e s  whi ch produced  saturation for 

s everal of  the element s in thi s group . If the  irradiation 

tim e  wa s extended  beyond 1 0  minut e s , t he sampl e s  and stand

ards  became t oo  radioactiv e  or " hot " to  safely handle · dur

ing c ounting or t o  count with " low  dead time " . S inc e the  

el ement s in thi s group decayed away rapidly , sampl e s  and 

standards wer e count ed immediat ely aft eP irradiation . T�e 

count tim e s  employed were 4 minut e s  per sample and standard 

for the v ery short half liv e s  and 1 5  minut e s  per sampl e and 

standard for the  short half liv e s . 

Sampl e s  and standards _analyzed for element s with 

int ermediat e half liv e s  ( on the order of s ev eral hour s )  
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were irradiat ed  for 2 hours . Aft er irradiat ion , the sampl e s  

and standard s were permitted to decay for 36  t o  48 hours to  

allow the  short half life  element s to  decay away to  r educe  

the  remaining activit y  to  a safe workable range  and minimi ze  

" d ead  time " c ounting  probl ems  r esulting from  high  2 -Na 

activiti e s  ( t � = 1 5  hours ) .  Sampl es  and standard s wer e then 

c ount ed for 2000 s econds each sinc e the  reduc ed activity 

r equir ed a lon g er c ount t ime  to  obtain stati stically s i gnif

icant spectra p eak s for analysi s . 

Sampl e s  and standards  analyzed  for el ement s with  



long half liv e s  ( on the  order of s everal days t o  s everal 

years ) were irradiated  for a period of 8 hour s . After  

irra4iation the  sample s  and standards were allowed t o  

decay for 1 t o  2 months t o  deplete  the intermediate and 

short lived i s otope s . Since  the remaining activi t i e s  were 

largely from low activity , long lived i sotope s ,  l ong count 

time s of 20 , 0 0 0  to  40 , 000  s ec onds were used  for s ample s  

and s tandards t o  obtain suitable spectra for analy s i s . 

The specific  nuclear data for all the el ement s 

analyz ed i s  given in Appendix II . The short and int erme

diat e count s wer e compl et ed at  Washington Stat e Univer sity , 

while  the long c ount s were conducted at S outh Dakota State 

University . Sampl e s  and s tandards from each group wer e 

c ount ed under identical c onditions t o  eliminat e any vari

anc e  due to  the analy zer system . Identi cal c onditions  

included keeping the  geometry between dete ct or and samples  

or  standards c onstant , u sing the  same det ector sy stem to  

c ount sample s and standard s ,  and maintaining the  same 

calibrati on curve and gain s etting s on the analy z er for 

each sample and standard group . Any differ enc e s  in decay 

tim e s , c ounting times , and/or dead tim e s  betwe en sampl e s  

and standard s  were  monitored and acc ount ed  for . 
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CHAPTER V 

RESULTS ANALYSI S  

Trac e Element C onc entrat ion s 

Elemental c onc entrat ions  for 32  el ement s in the  

Brookings sludge determined by thi s study are  di s played 

in Table 5 .  The trac e element value s  determined for the  

s ix different soil site  areas  are  list ed in Table  6 .  The 

individual sampl e valu e s  obtained for the sludge and s o ils  

are list ed in  Appendi c e s  I I I  and IV respectively . 

The statistical unc ertainty for the average  value s  

giv en i n  . Table s  5 and 6 i s  considered i n  t h e  calculati on of  

s ,  tbe standard deviat ion , li st ed as  the  ± valu e s . The 

standard deviat ion li s t ed i s  such that 9 5 %  or the trial s  

t o  det ermine an elemental conc entration would fall within 

the range or the  averag e  from the repeated trials plu s or 

minus two standard deviations . The stat isti cal unc ertainty 

con s i st s  in part o f : 

1 .  The randomne s s  involved in nuclear c ounting , 

2 .  The unc ertainty in the accept ed metal c oncen-

tration s  for the  standard s .  

Stati sti cal m ethods  ar e employed t o  det ermine the unc er 

tainty du e t o  the nucl ear randomne s s  involv ed in c ount i n g a 

sample . For a further di s cu s sion on nuclear randomne s s  and 

· it s unc ertainty , the read er i s  dir ected to the chapt er on 

stat i st i c al metho d s  in the text edited  by D eS o et e .  Th e  
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unc ertainty in the  ac c ept ed metal conc entrations  for the 

standard s is  determined experimentally by survey of  mat eri

als oy s everal independent labs and metho d s . Sampl e  varia

tion or grainin e s s  contribut e s  some  unc ertainty that i s  not 

accounted for in the  list ed s values . However , unc ertainty 

from  grainine s s  is  alleviat ed somewhat by u sing c ompo s it e  

sampling techniqu e s . 

The value s  obtain ed for the Brookings sludge ar e 

c omparable t o  analys e s  performed on other sludg e s  fro m  com

muniti e s  similar to  Br�oking s .  In addition , dig e s t ed sludge 

from the N ew Wa ste  Wat er Treatment Plant ( NWWTP ) of  Brook

ing s was again analyz ed in a s eparat e study done in 1 98 1  

for  Banner As s o ciat e s , Inc . Thi s time  the  analys i s  wa s 

performed by Wa shington Stat e Univer sity u sing INAA . The 

valu e s  given by the W . S . U .  ana�ysis  agre e  favorably with 

the re sult s det ermined by thi s study . 

The value s  obtained for the Brooking s s oil s  are 

als o  c omparable  with similar analy s e s  done on other East ern 

S . D .  s oil s performed by the Physic s  Department at  S . D . S . U .  

N o  large c onc entration o f  any trace  el ement wa s d et ec t ed in 

the s oil sampl e s  that would have any effect  on s ludg e load

ing rat e s .  Al s o , the value s  det ermined by thi s s tudy may 

now be  u s ed as a ba s e  referenc e for compari s on with  future 

sampling data to  monitor any build up of  tra c e  m etal s in 

the s oil due to sludge  application . 
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Table 5 .  Elemental conc entrati ons for the Brooking s ,  S . D .  
dige s t ed s ewage  s ludge using INAA . ( Summer 1 979 ) 

Eleme·nt C onc entrat ion 

Calc ium 
ill 

5 . 62 ± . 2 5 
Iron 2 . 03 ± . 1  0 
Aluminum 1 . 68  ± . 06 
Magnesium 1 . 26 ± . 1 2 
Potas sium . 36 ± . 03 
Sodium . 36 ± • 0 1  
Chlorine . 30 ± . 03 

(ppm ) 
Titanium 268 0  ± 400  
Zinc 1 660  ± 9 0  
Barium 1 41 0  ± 1 7 0 
Copper 1 1 3 0 ± 1 40 
Manganese  3 08 ± 1 0  
Chromium 1 8 8 ± 1 0  
Strontium <.1 5 0  
Silver 76 . 6  ± 1 2  
Molybdenum <45  
Vanadium 43 . 8  ± 3 . 2  
Nickel  36 . 2  ± 8 . 0  
Rubidium 22 . 8  ± 3 . 6  
Mercury 1 9 . 7  ± 2 . 5 
Ant imony 1 9 . 1  ± 1 . 2 
Lanthanum 1 4 . 2  ± 1 • 1 
Bromine 1 2 . 8  ± 1 . 2 
Sel enium 1 1 . 8 ± 1 • 8 
Cadmium* 9 . 1  
Ars enic 7 . 7  ± 0 . 8 
C obalt 5 . 8  ± 0 . 3 
Thorium 3 . 4  ± 0 . 2  
Hafnium 3 . 2 ± 0 . 2  
C e s ium 1 . 2 ± 0 . 1  
Tantalum . 36 ± . 04 
Europium . 26 ± . 02 

* At omic  ab s orption analysi s  
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Table 6 .  Elemental c onc entrat ion s  for the Brookings  s oil  
area s u sing INAA . ( Summer 1 97 9 ) 

Activ e  Site  Active Site  U s ed Sit e 
Element (Area 1 ) ( Area 2 ) (Area 1 ) 

ill ill ill 
Aluminum 4 . 37 ± . 1 5 4 . 38 ± . 1 5 4 . 07 ± . 1 3  
I ron 1 . 72  ± . 0 9 1 .  44 ± . 07 1 . 5 6 ± . 08 
Potas sium 1 . 3 0  ± . 024 1 . 42 ± . 03 1 . 42 ± . 03 
Magne sium . 86 ± . 1 4  . 92 ± . 1 4  . 88 ± . 1 4 
S odium . 747 ± . 007 . 868  ± . 00 8  . 86 8  ± . 0 0 8  
Calcium . 78 ± . 1  0 • 8 1  ± . 0 8 . 76 ± . 09 
Chlorine < . 0 1 0  < . 0 1 0  < . 0 1 0  

280�p;
m
�oo  

(ppm ) (ppm ) 
Titanium 21 1 0  ± 4 5 0  1 640  ± 420  
r4angan e s e  5 9 5 ± 2 0  680  ± 25  8 4 0  ± 30 
Barium 7 32 ± 57 570 ± 46 5 61 ± 46 
Stront ium < 27 5  <27 5  <25 0 
Copper < 5 0  < 1 7 5  < 1 5 0  
Zinc < 5 0 < 5 0  < 5 0 
Rubidium 62 . 2  ± 4 . 9  49 . 6  ± 3 . 0  47 . 1 ± 3 . 7  
Vanadium 5 1 . 9  ± 4 . 0  42 . 2  ± 4 . 0  44 - 4 ± 4 . 5 
Chromium 44 . 0  ± 2 . 3  34 - 4  ± 1 .  8 37 . 2  ± 2 . 0  
Lanthanum 23 . 3  ± 1 . 2 22 . 0  ± 1 • 1 23 . 0  ± 1 • 0 
Nickel 1 2 . 9  ± 5 . 0 1 2 . 9  ± 4 . 5  . 1 5 . 8  ± 6 . 0  
Cadmium < 1 0 

.. 
< 1  a· < 1 0 

Molybdenum < 3 . 5  <3 . 5  < 3 . 5  
Silver < 1 . 0  <1 . 2  < . 9 9 
Cobalt 7 . 56 ± . 3 9 6 . 66 ± . 3 4 7 . 42 ± . 3 8 
Bromine 7 . 1  ± 1 • 1 5 . 5 ± 1 . 2 8 . 8  ± 1 . 2 
Hafnium 7 . 00 ± . 3 8 6 . 1 1  ± . 3 5 5 . 2 8 ± . 29 
Thorium 7 . 08 ± . 3 5 5 . 63  ± . 28 6 . 0 5 ± . 3 3 
Ar s eni c 6 . 1 5 ± . 76 4 - 45  ± . 82 5 . 72 ± . 8 5 
C e sium 2 . 44 ± . 1 5 1 . 8 4  ± • 1 1  2 . 07 ± . 1 2  
Europium . . 9 0 5  ± . 0 5 1  . 8 0 0  ± . 04 1 " . 774 ± . 0 4 1  
Antimony . 6 32  ± . 07 0  . 5 74  ± . 0 5 0  . 5 8 8  ± . 0 5 6  
Tantalum . 60 ± . 06 . 48 ± . 04 . 48 ± . 0 4 
Selenium . 7 5 ± . 2 0 . 28 ± . 1  5 < . 2 5 
Mercury < . 1 5  < . 1  0 < . 1 0 
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Table 6 .  Brookings  s oil valu e s  { continued ) 

U s ed Sit e llew Site  N ew Site  
Elem ent (Area 2 ) (Ar ea 1 ) ( Area 2 )  

Aluminum 
ill ill ill 

3 . 9 5 ± . 1 3  3 . 21 ± . 1  0 2 . 1 9 ± . 08 
I ron 1 . 5 6  ± . 08 1 . 26 ± . 06 1 . 02 ± . 0 5 
Pota s·sium 1 . 48 ± . 03 . 932 ± . 034  . 6 08 ± . 0 1 8 
Magne sium . 86 ± . 1 6  2 . 1 9 ± . 20 1 . 36  ± . 1 4  
Sodium . 962  ± . 0 09 . 5 45  ± . 008  . 336 ± . 00 4  
Calc ium . 82 ± . 1  0 1 0 . 4  ± . 45 1 6 . 9  ± . 7 0  
Chlorine < . 01 0  < . 0 1 0  < . 0 1 0  

(ppm )  (ppm ) (ppm ) 
Titanium 1 3 1 0  ± 2 5 0 1 7 40 ± 370  1 67 5  ± 4 5 0  
Manganese  1 0 1 0  ± 3 5  7 3 0  ± 25 6 7 5  ± 25  
Barium 5 76 ± 48 574  ± 1 1 0 5 5 5  ± 1 0 0 
Stront ium < 3 5 0  < 40 0  < 5 00 
Copper < 1 5 0  < 1 20 < 1 0 0  
Zinc < 5 0  < 5 0  < 5 0  
Rubi dium 45 . 6  ± 4 . 0 38 . 7  ± 4 . 2  23 . 0  ± 3 . 0  
Vanadium 46 . 5  ± 5 . 2 4 1 . 8  ± 3 . 8  42 . 8  ± 3 . 5  
Chro-mium 32 . 0  ± 1 .  7 32 . 0  ± 1 . 7 24 . 0  ± 1 .  3 
Lanthanum 22 ± 1 1 8  ± 2 1 7 . 3  ± 1 • 1 
Ni ckel 1 4 . 5  ± 5 . 0 < 1 0 < 1 0 
Cadmium < 1 0 < 5 0  1 . 7* 
Cobalt 8 . 26 ± . 4 1 5 .-3 8  ± . 26 3 . 76 ± . 1 9  
Bromine  8 . 4  ± 1 .  3 1 5 . 2  ± 1 . 8 1 4 . 2  ± 1 • 1 
Hafnium 5 . 49 ± . 3 0 4 . 45 ± . 25 3 . 20 ± . 1 8 
Thorium 5 . 32 ± . 26 5 . 28 ± . 27 4 . 70 ± . 24 
Ars enic 4 . 49 ± . 96 2 . 7  ± . 9 0 3 . 3  ± . 6 0  
Molybdenum < 4 . 0  < 5 0  < 5 0  
C e sium 2 . 04 ± . 1 2  2 . 1 3  ± . 1 3  1 . 6 9  ± . 1  0 
Silver < . 9 5 < . 5 9  < . 5 2 
Europium . 76 8  ± . 0 42 . 5 5 3  ± . 0 3 1  . 4 1 8  ± . 023  
Antimony . 6 90  ± . 044  . 46 9  ± . 0 5 1  . 426 ± . 047 
Tantalum . 5 0 ± . 04 . 48 ± . 0 5 . 45 ± . 0 5 
Selenium < . 2 5  . 9 1 ± . 20 1 . 22  ± . 23 
Mercury < . 20 < . 1 0 < . 1  0 

* Atomic absorption analysis  



Result s of  the lead and nitrogen analy s i s  by Sta

t ion Biochemistry at S . D . S . U .  are li sted in Table  7 .  The 

analy si s , conducted for Banner A s sociat e s , was p erformed  

on  digested sludge c oll ect ed on  8 / 1 3/ 1 98 1  from  the sludge 

line to  the truck . The s olids conc entration of  the  sludge 

at sampling time  wa s 4 . 7 % which i s  a c ommon value  for the 

Brookings  sludg e .  

Table 7 .  Analy s i s  of lead and nitrogen by Station Biochem
i stry on the sludge from the Brooking s Nv�lTP . 3 8 

Param eter C onc entration-wet bas i s  

Lead 
Total K j eldahl Nitro gen 
Ammonia Nitrogen 
Organic Nitrogen 

1 . 5 ppm 
0 . 264 % 
0 . 08 1  % 
0 . 1 8 3 % 

Toxic Metal Loading For Soil s 

( dry bas i s )  
32  ppm 

5 . 62 % 
1 . 72 % 
3 . 9 0 % 

The s ludg e loading rat e methodology pr eferred  by 

the EPA at pr e s ent for toxi c m etals  are the guidelin e s  s et 

down by the U . S .  Department of Agriculture for cumulat iv e 

metal addit ion t o  the cropland bas ed on soil  CEC ( cat ion 

exchange capacity ) . 3 9 Calculations  for thi s method are 

expres sed in the  form : 

T = 5 0 0  Am 
ppm 

wher e Am is the  maximum amount of the s pecified tra c e  metal 

in lbs /acre  that may be  applied  to  the soil over the life  
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span of  the di spo s al site ; ppm i s  the c onc entration of  the 

trac e metal in the sludge in micrograms /gram ( dry  wei ght ) ;  

T is . the t otal t onnage/acre  of  sludge ( dry weight ) permit-

ted over the life s pan of  the s it e ; and 5 0 0  is a factor  t o  

convert ppm t o  lb s /t on ( dry weight ) .  The maximum amount s of 

trac e metal ac cumulat ions allowed are l i st ed in the fol-

lowing table . 

Table 8 .  Total amount of  sludge metal s allowed on crop
land . ..  0 

Trac e Soil Cat ion Exchange Capa c ity  ( CEC ) *  
Metal 0 - 5 5 - 1 5  > 1 5 

Maximum Amount �Am � in lbsLacre  

L ead 5 00 1 000  2 0 0 0  
Zinc- 2 5 0  5 0 0  1 00 0  

Copper 1 25 2 5 0  5 00 

Nickel 5 0  1 0 0 2 0 0  

* meq/ 1 0 0 g m  of  s oil det ermined b y  ammonium ac eta t e  cethod 
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Using the data valu e s  for the variou s m etal conc en

trations .  the  maximum tonnage  ( dry wei ght ) may b e  calculat ed 

for each ele m ent l i st ed  in Table 8 depending upon the soil  

CEC  of the  di spo sal s it e . Soil  CEC  wa s det ermined  for  s ev 

eral sit e s by the S . D . S . U .  Wat er and Soil s Laborat ory in 

the study condu c t ed by Banner A s sociat e s . The s it e s  ana

ly zed  ( includin g the  trac e metal sit e s ) were found to  hav e 

a CEC range  of  3 5 . 4  t o  42 . 7  meq/ 1 00  gm soil . - 1 Thi s indi 

cat e s  that the  hi ghe s t  Am  value s  in Tabl e 8 should be  



applied t o  the  Brookings  sludge . Onc e the maximum t onnage 

( T )  has been det ermined , maximum yearly rat e s  ( R )  may be 

calculat ed if  the site life span ( L )  is known ( R =L/T ) . The 

maximum t onnage s  of the sludge/acre for Pb , Zn , Cu , and Ni 

along with yearly rat e s  corr e sponding to an e st i mat ed 20 

year life span for di spo sal of Brooking s sludge are li sted 

in Table 9 .  

Table 9 .  Maximum amount o f  Brooking s sludge ( dry wei ght ) 
for a s it e  life span . 

Trace  Amount Allowed Maximum Sludge t�aximum Yearly* 
Metal �lbLacr e � Tonnage/acre Rat e - Tonna�eLacre  

Lead 2000  3 1 25 0  1 562  

Z inc· 1 0 0 0  3 0 1  1 5  

Copper 5 00 221 1 1  

Nickel 200 2762 1 38 

* E st imat ed s it e  life  span o f  20  years . 

Cadmium Loading For Soils  

R ec ent int erim final regulat ions  by  EPA have s et 

down specific  limitations  on s olid waste  application t o  the 

land ba s ed on cadmium c ont ent . On land u s ed to produc e 

tobac c o , leafy veg etable s ,  or  root cro p s  grown for  human 

c onsumption , annual application of sludge -bo rne  cadmium may 

not exc e ed 0 . 5 k g/ ha ( 0 . 446 lbs /acre ) . 4 2 For  other food 

chain crops , the  annual cadmium application  rat e should 
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not exc eed  the  valu e s  l i s t ed in Table 1 0 . 

Table  1 0 . Annual cadmium application rat e s . - 3 

Tim e  P eriod  

Pre s ent to  June  3 0 , 1 984  
July 1 , 1 9 84 to  D e c ember 3 1 , 1 986 
Beginning January 1 , 1 987  

Appli c at i on Rat e 

kg/ha ( lb/acr e ) 

2 . 0  1 . 7 8 4  
1 . 2 5  1 . 1 1 5 
0 . 5  0 . 446 

In addit i on , EPA ha s set  a maximum cumulative load-

ing of  cadmium for a s i t e  life  span ba s ed on soil  CEC and 

pH as shown in Tabl e 1 1 � If the soil  is adj u s t ed to pH 6 . 5  

or gr eat er during appli cation of  the sludg e ,  and i s  main-

tained during the gr owing s ea son of the  c rop , then  the  

higher appl i c at i on rat e s  li st ed in  Table 1 1  may b e  u s ed 

for the  s p e c i fi c  s oil  CEC range .  

Tabl e  1 1 . Maximum cumulative appli cati on of  s ludge -borne 

c admium . At At 

Background Soil  pH<6 . 5 Background S oi l  pH�6 . 5 

Soil  CEC kgLha { lbLacre�  kgLha �lbLa c r e �  
< 5 5 4 . 46 5 4 . 46 
5 - 1 5  5 4 . 46 1 0  8 . 92 
> 1 5 5 4 . 46 20  1 7 . 8 4 

In  the  Banner A s sociat e s  study , s oi l  pH was found 

to range from  ? . 1  t o  8 . 0  for the s ev eral di s p o sal  s i t e s  

analy z ed . � 5 U s ing thi s  pH data al ong with  t h e  c a dmium 

c ontent of the  Bro okings sludge , annual and maxi mum l oading 
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rat e s  wer e calc ulat ed  for cadmium ba sed  on t h e  EPA limit s . 

The re sults  for cadmium loading ar e giv en in Tabl e s  1 2  and 

1 3 .  

Table 1 2 . Annual maximum loading rat e s  for Brooking s sludge 

bas ed on EPA cadmium standards . 

Time  P eriod 

Applicat i on Rat e 

t on s/acre  ( dry weight ) 
Pre s ent t o  June 3 0 , 1 9 84  

July 1 , 1 9 8 4  t o  D e c ember 3 1 , 1 986  

Be ginning January 1 , 1 9 87  

98  
6 1  
2 4  

Tabl e 1 5 .  Maxim ium amount of  Brookin gs  sludge  ( dry weight ) 
for a s i t e  life  s pan ba s ed on EPA cadmium 

s tandard s .  

Amount o f  

Cadmium Allowed*  

1 7 . 8 4 lb s /a c r e . 

Maxi mum Sludge  

Tonnage --

9 8 0  t on s /ac re  

Maxi mum 

Y early Rat e s ** 

49 t on s /a c r e  t 

* Amount all owe d  for s o il CEC > 1 5  meq / 1 00gm  s o i l  with 

background s o i l  pH > 6 . 5 .  

** E s t imat ed s it e  lif e  s pan of  2 0  y ear s . 

t 49 t on s /acre  p er year would be  valid unti l  1 2 / 3 1 / 1 986 . 

Aft er thi s t h e  lower annual rat e limit of 24  t ons /acre  

( s e e  Table  1 2 ) would apply . 
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Nitrogen Loading For Soil s 

Nitrogen loading rat e s  are u sually det ermined by a 

mas s ·balance  equati on .  The balanc e equation c onsider s the  

amount of  nitro gen added to  and remov ed from  the s oil . If  

the equation is  balanc ed ,  no net  ac cumulat ion should oc cur 

within the s oil . Balanc e will be  det ermined  primarily by 

the amount of available  nitrogen in the sludg e .  the amount 

of r e s idual nitro gen in the  soil , and the amount o f  nitro

gen removed by crop c ov er . Balanc e could also  inc lude 

s ec ondary factors  such a s  nitrogen added by pre cipitation 

and removed by l eachat e .  However , the amount of  nitr o g en 

added by pre c ipitat ion i s  small enough a s  t o  b e  insi gnif

icant when c o mpared to the primary factor s , and proper  

balanc e of  the  primary factors  should re sult in  insignif

icant lo s s e s in  l eachat e s . Thus , the s econdary facto r s  are 

omitt ed and the  balanc e equation , expr e s s ed in t erms  of  the 

primary fact ors  to det ermine the loading rat e , R ,  is giv en 

by : 

R = Crop ni tr ogen r eq u i r e m ent � R e s idual n i t r ogen i n  s oi l  
Ava ilabl e nitrogen in the  sludg e 

Crop nitrogen requirement will depend upon the  

part icular c rop grown and the  yi eld de sir ed . For  South 

Dakota , crop nitrogen requirement s may range  from  3 0  t o  

3 0 0  lb s /acre . R e s idual nitro gen i n  the soil  depends  upon 

the decompo sition of  the organic mat t er pr e s ent . 
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Approximat ely 1 % t o  3 %  of  the total organi c nitro gen c on-

tained within the s oil  is  relea s ed by ammonification each 

year � . � 6 Ammonification i s  the  proc e s s  wher e  amin e s  and 

amino acids  are broken down to ammonia ( NH 3 ) ,  whi ch i s  

rapid�ly c onvert ed t o  ammonium ( NH � + ) . � 7  Table 1 4  li s t s  

t h e  amount of nitrog en that may be  expected  due t o  the  

breakdown of organi c matter . 

Table 1 4 . Averag e  nitrogen r elea s e  expect ed per  y ear due to  
the breakdown of  organic matter in the  s o il . � 8 

Soil 
Organic Matter  

% 
1 

- 2  
3 
4 
5 

P erc ent Organic Matt er Br eakdown* 
1 2 3 
lbs /acr e N releas ed per  y ear 

1 2  26 40  
26  52  7 8  
40 
52 
66 

7 8  
1 04 
1 32 

1 20 
1 56 
1 98 

* Under normal c onditions  the expected rate of  breakdown is  

i % per  year for  gra s s  s od , 1 %  t o  1 � % for  s mall grain s and 
1 k % to 3% for row crops . 

Available  nitrogen in the sludg e i s  the inorganic 

nitrogen ( Ni ) plus 20%  of  the organi c nitro g en ( N o ) . 20%  i s  

u s ed sinc e r e s earch indi cat e s  that only 1 5 % t o  2 0 %  o f  the 

organic nitrog en in the sludge i s  available for u s e  during  

the  first  y ear of  appl ication . � 9 Available nitrogen from 

· the sludg e is then given by : 
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lbs N 
ton of sludg e 

( Ni 2000  lbs J + [ No  2000  lbs J = 
1 0 0 x ton 1 0 0 x 0 • 20 x ton 

where Ni  and No  are the dry weight perc entage s  of inorgani c 

and organi c nitrog en in the sludge . The above equati on 

simplifie s  t o : · . .  _ 

lbs N/ton of  sludge = ( Ni  x 20 ) + ( No x 4 )  

A s  s ludg e nitrogen cont ent , crop nitrogen require

ment , and/ or re sidual ni trogen in the soil  vary , s o  will 

the corresponding nitrogen loading rat e calculat ed by the  

mas s  balanc e equation . Table 1 5  list s some  c alculat ed  

loading rat e s  ba s ed on  a few common value s for  available 

sludge nitrogen c ont ent and crop nitrogen requirement s .  

The rat e s  li sted are valid for sludge that i s  inj ect ed or 

appl"i ed b eneath the surface  of  the s oil . Nitrogen loading 

rat e s  may be  saf ely doubled when the sludg e  i s  surfa c ed 

appli ed . 5 0 The double d  rat e tak e s  int o a c count nitrogen 

lo s s e s  from  the sludge du e t o  deminerali zation  and vola

ti zation when the sludge  is surface applied . ( Ho wever , 

pathogeni c and odor  problems  may ari s e  from  surfac e appli

cat ion of  sludg e ,  whereas  sub surfac e inj e ction eliminat e s  

the s e  problem s . 5 1 ) 

The value s obtained for nitro g en ( s e e  Table  7 )  
indi cat e the Bro oking s sludge contains 1 .. 7 %  inorgani c 

nitro gen and 3 . 8 % organi c nitrogen on a dry wei ght basi s . 

U sing the s e  value s ,  the  available nitrogen of  the  Bro ok

ing s sludg e i s  49 . 6  lb s N/ton sludge ( dry weight ) .  Table  
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1 5  indicat e s  the  sludge loading rat e for  nitrogen would 

vary from 1 t o  6 t on s  sludge/acre  for subsurfac e  inj ection . 

If the sludge were s'urfaced applied 9 the rat e would vary 

from  2 t o  1 2  t on s  sludge/acre . 

Table 1 5 .  Sludge  loading rat e s  based  on nitrogen c ont ent of  
th e  sludge  and nitrogen removal by crop c ov er . 

Availabl e N i t rpgen 
lbs N/t on dry sludge 

26 
30  
34  
38  

42 
46 
5 0  
5 4  
5 8  
62 
66 
70  
74  

Nitrogen Required (lb s/acre ) * 
5 0  1 00 1 5 0 2 0 0  2 5 0  300  

Sludge Loading Rat e - t on s/acre  t 
1 . 9 3 . 8  5 . 8  7 . 7  9 . 6 1 1 . 5 
1 . 7 3 . 3  5 . 0  6 . 7 8 . 3  1 0 . 0  
1 . 5 2 . 9 4 - 4  5 . 9  7 . 4  8 . 8  
1 . 3 2 . 6  3 . 9  5 . 3  6 . 6  7 . 9  
1 . 2 
1 • 1 
1 . 0 
. 9 3 
. 86 
• 8 1  
. 76 
. 7 1 
. 6 8 

2 . 4  
2 . 2  
2 . 0  
1 . 8 
1 . 7 
1 . 6 
1 . 5 
1 . 4 
1 . 3 

3 . 6  
3 . 3  
3 . 0  
2 . 8  
2 . 6  
2 . 4  
2 . 3 
2 . 1 
2 . 0 

4 . 8  
4 - 3  
4 . 0  

3 . 7  
3 . 4  
3 . 2  
3 . 0  
2 . 8  
2 . 7  

6 . 0  
5 . 4  
5 . 0  
4 . 6 
4 . 3 
4 . 0 
3 . 8  

3 . 6  
3 . 4  

7 . 1  
6 . 5  
6 . 0 
5 . 6 
5 . 2 
4 . 8  
4 . 5  
4 . 3  
4 . 0  

* Nitro g en r equi r ed equal s crop N n e ed s minu s r e s i dual N in 

the s o i l .  
t Sludge loading rat e i s  on dry weight ba s i s for  sludge 

appli ed b en eath the soil surfac e .  

Summary - Mo s t  Limit ing Fac t o r  

Aft er annual appli cation rat e s  ba s ed on t oxi c metal s , 

cadmium , and nitr o g en hav e been c omplet ed they  are  then 



compar ed against  each other . The mo st limiting rate from  

the s e  m ethods  is  then u s ed to  re strict the maximum amount 

of sludge that may be appli ed . The mo st limiting factor for 

the Brookings  sludge i s  nitrogen up to the ext reme nitro gen 

loading rat e s  at which  point copper may al so  become  a 

limiting factor . The limiting factor s for the  differ ent 

paramet er s are  summari z ed below in Table 1 6 . 

Table 1 6 .  C ompari son of  limiting factors , maximum tonnage 
per _ ·acre  _ per year for Brookings sludg e . 
( E st imat ed sit e  life span of 20  year s ) 

Limit ing Fac tor 
Toxic Metals : 

L ead 
Zinc 
Copper 
Nickel 

Cadmium ( EPA ) : 
Pre s ent t o  6 /3 0 / 1 9 8 4  · 

7 / 1 / 1 9 8 4  t o  1 2 / 3 1 / 1 986  
Beginning 1 / 1 / 1 98 7  

Nitrogen Loading : 

· Maximum Yearly Rat e 
{ dry weight ) 

ton s  of  sludge /acre-year 
1 56 2  

1 5  
1 1  

1 3 8 

49*  

49*  
24t 

1 t o  1 2  

* Ba s ed on maximum cumulative amount of  cadmium for s it e  
life  span . 

t Ba s ed on annual application re strictions for cadmium . 

49 



CHAPTER VI 

LAND APPLI CATION OF SLUDGE 

CONCLUSIONS & RECOMMENDATI ONS 

Domestic  Sludge 

The r e sult s of  thi s analys i s  indi cat e that the  

Brookings sludge  may be  cla s sifi ed a s  a dome stic  s ludge . 

Thi s  i s  not unexpected s inc e dome stic  s ludge s ari s e  from 

the treatment of domestic  wa stewater with no or minimal 

indu strial wa s t e s  pre sent as is the ca s e  for Brookin g s . 

5 0  

Some c ommon ranges of  elemental c onc entrat ions in  dome stic  

and indu strial wast ewat er sludge s are  shown in Table 1 7  

along with the c orre sponding value s  of  the Brookings  sludge . 

Exc ept for a f ew element s that are marginally above , the 

Brooking s sludge c onc entrations  either fall within  or  are 

below the dome stic  sludge range for the element s li st ed . 

In addit ion , the  r e sult s of the soil analy s i s  indicat e no 

maj or build- up of any trac e metal has oc curr ed in s o i l s  

which have rec eived applications of Brookings  sludge in 

the past . 

Monitoring And Sit e S elec tion 

When ever sludge  i s  appli ed to the land , a monitoring 

system  is required . Sludge  and soil charact eri s t i c s mu st b e  

monit ored  to  det ermine appropriat e loading rat e s  and t o  

detect  any build - up of  toxi c metals i n  t h e  s oil that might 



Table 1 7 .  El emental range s  of  treatment plant sludge ( mg/kg 
dry wei ght ) , EPA data , 5 2 compared with  valu e s  
obtained for Brooking s sludg e .  

Chemical 
Elem ent 
Aluminum 
Barium 
Beryllium 
Boron 
Cadmium 
Calc ium 
Chromium 
Cobalt 
Copper 
I ron 
Lead 
Magn_e sium 
Mangane s e  
Mercury 
Nickel 
Pho sphorus 
Pota s sium 
Silver 
Sodium 
Strontium 
Vanadium 
Zinc 

Industrial 
Wa st ewater 
1 08 00-7 0000  
26 00-6400 
< 40-< 1 00  

* 

< 40-200  
32000 - 1 28000  
1 240-27 00 
<40 - 5 00  
1 640-4700  
645 00-22 5 0 00 
1 28 0 - 8 300  
3000-76 00  
640-6 1 00  
0 . 6 0 -3 . 0  
440-2800  
1 2700-38300  
1 6 00-4000  
200- 1 680  
800- 5 400  
8 0-2 1 0 0  
1 00 -2000  
320 0 - 1 4000  

* Analys i s  not included . 

Dome stic  
Wa st ewater 
3800- 1 3400  
600- 1 000  
< 1 0- < 1 0 0  
5 0-400  
1 0-400a .  

41 00- 1 20000  
5 0 -200  
20-400  
9 5 -700  
23.0 0- 1 260 0  
<200-< 5 00 
5 00- 5 40 0  
1 00-300  
1 . 0 - 1 1 . 2 
1 1 0 -400  
2900 - 1 9600  
400-6000  
7 - 1 00  
200-7000  
1 00-200  
< 5 00- 1 000  
1 000 - 1 800  

Brookings  
Value s  
1 6800  
1 41 0  

* 

* 

9 . 1  
56200  
1 8 8 

5 . 8  

1 1 30 
20030  
32  
1 2600  
308  
1 9 . 7  
36 . 2  
26700b .  

36 0 0  
76 . 6  
3600  
< 1 5 0  
43 . 8  
1 66 0  

a .  An unu sually hi gh value for  C d  obtained from only on e 
sludg e sour c e . 

b .  Valu e obtained  from Banner A s so c iat e s  data . 5 3 

5 1  



o c cur . Groundwat er suppli e s  must also  be  monitored t o  

determin e any impact  from sludge appli cations  and t o  check 

that . toxic metal s  and nitrogen compound s remain b elow safe 

limit s .  Monitoring r equirement s for land application of 

Bro oking s sludge e s tabli shed by the South Dakota Department 

of  Wat er and Natural R e sourc e s  are li sted in Table 1 8 . In 

thi s table , the  Safe Drinking Wat er Act ( SDWA ) element s 

52  

r efer to : ars eni c , barium , cadmium , chromium , l ead , mercury , 

s el enium , silver , nitrat e , and fluoride . SDWA t o xic s r efer 

to : endrin , lindane , �ethoxychlor , toxaphene ,  s i lv e x ,  and 

2 , 4-D .  

Table 1 8 . Monitoring r equirement s for land appli cation of 
Bro oking s sludg e . 5 -

Hat erial - T e st Fr equency 
Sludge : 

pH 
Total Solids  
Volatile  Solids  

Whenever sludg e i s  hauled 
2-4  time s /week when  hauling 

2- 4 tim e s / month 
Total Kj eldahl Nitrogej-
Total Pho sphorus  Twi c e  a year 
SDvlA Element s 

Pota s sium Twice  per y ear during year of 

Soil :
pH 

� 
Nitrogen �------------ applicati on ( Spring & Fall ) 
Pho sphoru s 
S el eni��---------------------- E C opper _j very five y ear s 

Ground �vat er : 

SDWA T · Tw� c e  per y ear dur1ng y ear of  SDHA El ement}- . . 

F e cal �����oro application ( Spring & Fall ) 
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Several  pot ential di spo sal s it e s  have been  inve s 

tigated for  appli cation of  the  Brooking s sludge . When cho o s 

ing �n actual di spo sal s i t e  c ertain s i t e  s el e ction criteria 

should be c on s idered t o  allow full utili zation o f  the  s ludge  

without creating _ envfronm ental problem s •. The  lands cap e for 

a s ludge di sposal s it e  should be one that approximat e s  a 

clo s ed drainag e system  a s  much a s  po s sible . A clo s ed drain

age system  r e strict s wat er flow , and wat er that do e s  ac cu

mulat e will pond  and evaporat e or filt er through the  s oil . 

A clo s ed system  en sur e s  containment of  the sludge  until 

the pot ential pollut ion factors  of the sludge have b e en 

remov ed by physical , chemical , and/or  biologi cal r eactions  

with  the soil . A clo s ed drainage  syst em al so  prev ent s sludge  

const itu ent s and harmful by-product s in  the  sludge  from 

moving onto adj ac ent land , into flowing wat e� , or  into the 

ground wat er . 

The slope  of  the di s po sal sit e  should be  l e s s  than 

4% ; st eeper  gradi ent s may be acc eptabl e on coar s e  t extured 

s oil s or where  management pract i c e s  or appli cation m ethods 

r educ e  ero sion ha zards . 5 5  The land s cape  of a s it e may have 

to  be  diked  or physically alt ered  to  creat e a clo s ed drain

age syst em . Diking would al so  s erve as a safety  factor  t o  

contain run off from  snow melt and int en s e  rainfall . 

Underground sublayers  and strata should al so  be  

considered  for the sit e .  Strata that are  porou s or  int er

connected  b y  fi s sur e s  could lead to rapid infilt rat ion of 



liquid runoff from the sludge without adequat e s oil  contact 

time  t o  effectively filt er the liquid . Thi s " short c ircuit 

ed"  +iquid c ould po s e  a s erious  thr eat to  any immediat e 

ground wat er suppli e s . Subsoil pan lay er s  ( clay pan s , plow 

pan s , silican c em ented hard pan s , lime c ement ed  hard pans , 

etc . ) will r e strict  the  downward mov ement o f  wat er . I f  such 

pans are pr e s ent near the soil surface  they can l ead to 

lat eral movem ent of  the  sludge liquid called s e ep s .  Such 

s e ep s  could l ead to  c ontamination of  the ar ea s s urrounding 

the sit e .  Thu s , any di spo sal site  cho s en should be fr ee  of 

subsoil pan layers .  

Di s po s al Of  Brookings  Sludge  

5 4 

The pre s ent amount of  sludge pr oduc ed by the Brook

ing s NW�TP is approximat ely 1 , 0 42 , 5 0 0  gallons per  year ( 1 9 8 1  

data ) . 5 6 The sludge ha s an average total s olids  c ont ent o f  

4 . 7 % which put s t h e  s ludg e  production a t  about 2 1 0 tons /year 

on a dry wei ght ba s i s . Over half of  the yearly s ludge pro

duc ed is  hauled  t o  the city lagoons ( which act  e s s ent ially 

as  drying bed s ) while  the r e st of the sludge  is applied to 

the land . The s ludge designat ed for the land is applied 

during the s pring and fall of  the year with a 1 5 0 0  gallon 

sludg e truck that " knife s " the sludge in below the  s o il 

surfac e .  Approximat ely 4 5 7 , 5 0 0  gallons of  s ludge /year i s  

applied to  t h e  land and 5 8 5 , 0 0 0  gallon s o f  s ludg e /year i s  

di s po s ed of  i n  the lagoons . 5 7 O n  a dry we ight ba si s ,  the 



amount of  sludge u s ed for land applicat ion i s  currently 

about 90  tons /year . 

The following recommendations are mad e  c onc erning 

the Brookings  di spo sal plan . First , s inc e the sludge i s  

entirely suitable f o r  land application , t h e  amount of  

sludge  de signat ed for  the land c ould be  increa s ed . Although 

there  is a limit to the amount of s ludg e that can be phys

ically haul ed each fall and spring , a s mall increa s e  should 

be pos sible . Th e current sludge plan t entat iv ely allows for 

1 5  days each  fall and spring  for sludge hauling at  the rat e 

of  t en truck loads ( 1 5 00 0  gallons ) o f  sludg e per  day . 5 � 

The amount of  sludge hauled by thi s s chedul e i s  only 44%  of 

the yearly sludge volume produced . If the t ime  for  sludge  

hauling wa s incr ea s ed t o  20  day s each fall and s prin g , the 

amount of  sludg e for land di spo sal would inc rea s e  from  44% 

to 5 8 %  of  the t otal yearly volume . Yet , 20  hauling day s  

should allow enough t im e  to  apply the sludge  before  ground 

fre e z e-up aft er crop  removal in the fall and to m eet  crop 

planting deadlin e s  aft er wint er thaw-out in the  s pr ing . 

Since  the sludge i s  a low ba s e  fertilizer mat erial ( low 

nitrogen and pota s sium with high pho s phorus c ont ent ) that 

is readily available without the high ( and ri s ing ) c o st of  

commercial f ertili z er ;  it should s eem  rea s onabl e t o  try  to 

use as  much of  the  sludge as  po s s ible for land applicat ion . 

S e condly , it  i s  recommended that zinc  and ni c kel be  

included in the  monit oring system  for  the s ludg e and s oil . 
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The li st  o f  required monit oring te st s  do e s  not m enti on 

zinc  or  ni ckel . Howev er , the s e  two element s are involv ed 

in sludg e loading crit eria and are phyt otoxic at elevat ed 

levels  in the s o il .  The sludge c ould be  analy zed  for zinc  

and nickel onc e or twi c e  a year when the SDWA elements  

analys i s  i s  performed . A s  for  the soil , zinc and nickel 

c ould be  t e st e d  every five years along with s elenium and 

copper . 

La stly , it  i s  sugg e st ed that the sludge di s po s ed  

o f  in  the  lagoon s  als o  be considered for land appli cation 

aft er suffici ent drying ha s o c curr ed . The pre s ent  plan � s  
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to  depo sit  the  sludge in  the  lagoons  and simply l eave it as  

i s . Thi s plan do e s  not allow any u s e  t o  be  d erived  fro m  the 

sludge , nor do e s  it take advantage of  the drying proc e s s  

that o c curs . Currently the sludg e has t o  b e  appl i ed b y  spec 

ial equipment in liquid form that is  9 5 %  wat er . Dri ed or 

partially dri ed  sludge is ea sier and more  effici ent to han

dle and may be  appli ed  in bulk form with ordinary farm 

machinery . The bulk sludg e c ould be us ed as a low  grade 

fert ili z er , inc orporat ed into the soil in the sam e  manner 

a s  organi c fertili z er . However , the dri ed sludge should 

still be monitored for toxi c  el ement s and nut rient value 

to  det ermine it s suitability and e stabli sh appropriat e 

loading rat e s  for  land appli cation . 
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Appendix I 

Soil Sit e Area s 

Sit e # 1 : Active Sit e { southwest of airport ) 

Owner : City of Brookin g s  

Soil Type : Li shmore Silty Clay Loam 

Description : West  1 70 0  feet of S . E .  i of s ection 27 
T1 1 0N - R 5 0W { 1 1 5  acres ) 

Sampling Area 1 :  7 9 0 ft north of  main gate - 440 ft east of  
west fenc e line . 

6 3  

Sampling Area 2 :  1 1 70 ft  north of  main gat e  - 1 2 5 ft  ea st of  
we st  fenc e line . 

( main gat e  locat ed 0 . 5  miles  east of  int er s e ct i on of  c ounty 
roads 9 and 1 8 ) 

Site  #2 : Us ed Sit e 

Owner : B . H .  Schaphorst 

Soil Type : Hecla Loam 

( southwe st of  c emet ery ) 

D e s cript ion : South � of  N . W .  ! and North i of S . W . ! of  
s ection 34  T1 1 0N - R5 0W ( 8 0 acr e s ) 

Sampling Area 1 :  0 . 2  mil e s  east  of  drive in on grav el 
r oad - 6 0 ft s outh 

Sampling Area 2 :  0 . 2  mil e s  ea st of  drive in on grav el 
road - 320 ft south 

( drive  in located  0 . 5  mile s south of  interse ction of  
county roads 9 and 1 8 )  



Appendix I ( continued ) 

Sit e # 3 : New Sit e ( south of Brooking s N1�AfTP ) 

Owner : City o f  Brooking s 

Soil Type : Volga Silty Clay Loam 

De s cription : West  � of  S . W . i of s ection 1 4  
T1 09N - R 5 0W 

Sampling Area 1 :  0 . 8  mile  south from blackt op  road turn off 
to the N1�1TP - 1 6 0 ft east  of gravel road . 

Sampling Area 2 :  1 . 0 mile south from blackt op road turn o ff 
t.o the  N1oJ1tlTP · - 2 5 0  ft east o f  gravel road . 

( blacktop road i s  c ounty road 1 2 ) 
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Element 
Aluminum 
Antimony 
Ars enic 
Barium 
Bromine 
Cadmium 
Calcium 
Ce s ium 
Chlorine 
Chromium 
C obalt 
Cop�er 
Europium 
Hafnium 
Iron 
Lanthanum 
Magn e s ium 
Manganes e 
Mercury 
Molybdenum 
Nickel 
Pota s sium 
Rubidium 
Selenium 
Silver 
Sodium 

Appendix I I  

Nuclear Data For Element s Studi ed 

Reaction 
2 7Al ( n , y )  
1 2 3 Sb ( n , y )  
7 s A s  ( n , y )  
1 3 D Ba ( n , y )  
a l Br  ( n , y ) 
1 1  .. Cd  ( n , y )  
.. 1 Ca ( n , y )  
1 3 3 C s  ( n , y ) 
3 7 Cl  ( n , y )  
s o cr ( n , y ) 
s. t co ( n , y )  
6 5 Cu  ( n , y ) 
1 s 1 Eu ( n , y ) 
1 a o Hf ( n , y ) 
s aF e  ( n , y )  
1 3 t La ( n , y ) 
2 & Mg  ( n , y ) 
s s Mn ( n , y ) 
2 0 2Hg ( n , y ) 

9 & Mo  ( n , y ) 
s aNi  ( n , p ) 

2 & Al 
1 2 .. Sb 

7 6 A s  
1 3 2 Ba 

8 2 Br 
l l S Cd  

.. 9 Ca 
1 3 .. Cs  

3 a Cl  
s l cr 
6 ° C o  
6 6 Cu 

1 s 2Eu 
1 a 1 Hf 

5 9 F-e 
l .. O La 

2 1 Mg  
s ' Mn 

2 o 3Hg 
9 9 Mo 
s a co 

.. l K ( n , y ) �t 2K 
I S Rb ( n , y } 8 6 Rb 
7 .. S e  ( n , y ) 7 s s e 
l o 9 Ag  ( n , y ) l l o mAg 
2 3Na  ( n , y ) 2 .. Na 

Half Life  
2 . 3  min  
60  day 
26 . 3  hr 
1 2  day 
3 5 . 3  hr 
5 3 . 5  hr 
8 . 8  min 
2 . 0 5 yr 
37 min 
27 . 8  day 
5 . 26 yr 

5 . 1  min 
1 2  yr 
42 . 5  day 
45 day 
40 . 2  hr 
9 . 5 min 
2 . 5 8  hr 
46 . 6  day 
67 hr 
7 1 . 3  day 

· 1 2 . 5  hr 
1 8 . 7  day 
1 20 day 
25 3 day 
1 5  hr 

6 5  

Energ;i* 
1 779  
1 6 9 1  

6 5 7  & 5 5 9  
496 
777  

3 37  
3 08 3 

7 96 
1 642 

32 0 

1 332 
1 03 9  
1 408 

482 
1 09 9  & 1 292 

1 5 96 
1 0 1 4  

84  7 & 1 8 1 1  
279 
1 40 
8 1 1 

1 524 
1 07 8  

26 5 
938  

1 368  
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Nuclear Data { continued ) 

Element Reaction Half life  En  erg:£* 

Strontium 8 6 Sr  ( n , y ) a 7 mSr 2 . 8 5 hr 389  

Tantalum 1 e 1 Ta { n , y ) 1 e 2 Ta 1 1 5  day 1 22 1  

Titanium S O T i  ( n , y )  S l Ti 5 . 8 min 320  

Thorium 2 3 2 Th ( n � y ) 2 3 3 Th § 2 3 3pa 27 day 3 1 2 

Vanadium s 1 v ( n , y ) s 2 v 3 . 8  min 1 434  

Zinc 6 .. Zn ( n , y ) & s zn 245 day 1 1 1 5  

* Energy of gamma ray u s ed for analys i s  ( in KeV ) 
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Appendix I I I  

Raw Data Value s  For Duplicat e Sample s  
Of Bro okings  Sludge U sing INAA* 

( June 1 979  Sampling - Truck Outlet ) 

El ement SamEle 1 Sam:ele 2 Average + s 
Cadmiumt { ppm) 9 . 1  
Zinc ( ppm ) 1 6 5 9  1 6 56  1 66 0  :!: 90  
Nickel ( ppm ) 38 . 3  34 . 0  36 . 2  :!: a . o  
C opper ( ppm ) 1 260  1 000 1 1 3 0 :!: 1 40 
M ercury ( ppm ) 20 . 4  1 9 . 0  1 9 . 7  :!: 2 . 5  
Selenium ( ppm ) 1 0 . 0  1 3 . 5  1 1 . 8 :!: 1 . 8 
Ars enic ( )pm ) 5 . 6 9 . 7  7 . 7  :!: . a  
Sodium ( %  . 36 . 36 . 36 :!: • 0 1  
Pota s s ium ( ppm ) . 34 . 38 . 36 ± . 0 3 
Chromium ( )pm ) 1 93 1 82 1 8 8 ± 1 0  
Calcium ( %  5 . 9 1 5 . 32 5 . 62  :!: . 2 5 
Magne sium ( % )  1 . 34 1 . 1 7  1 . 26 :!: . 1 2  
Aluminum ( % )  1 . 7 9  1 . 58  1 . 68  :!: . 06 
Iron ( % )  2 . 04 2 . 0� 2 . 03 :!: . 1  0 
Mang�n e s e  ( )pm ) 320 295  308  ± 1 0  
Barium ( ppm 1 27 0  1 5 5 0  1 41 0  ± 1 70 
Silver ( ppm ) 7 9 . 5  73 . 7  76 . 6  ± 1 2  
Molybdenum ( p)m )  < 40 <45  � 45 
Ant imony ( ppm 1 8 . 2  1 9 . 9  1· 9 . 0  :!: 1 . 2 
Rubidium ( ppm ) 24 . 4  21 . 2  22 . 8  ± 3 . 6 
Vanadium ( p)m )  49 . 1  38 . 4  4 3 . 8  ± 3 . 2 
Chlorine ( %  • 3 1  . 28 . 3 0 ± . 03 
Stront ium ( p)m )  < 1 5 0  < 1 2 5  < 1 5 0  
Thorium ( ppm 3 . 4  3 . 5  3 . 4  ± . 2  
C e s ium ( ppm ) 1 • 1 1 . 3 1 . 2 ± . 1  
Hafnium ( ppm ) 3 . 2 3 . 1  3 . 2 :!: . 2  
Tantalum ( ppm ) . 3 5 . 37 . 36 ± . 04 
Titanium ( p)m )  268 0  2670  26 7 5  :!: 400  
C obalt ( ppm . 5 . 9  5 . 8 5 . 8  :!: . 3  
Europium ( ppm ) . 2 5 . 28 . 26 ± . 02 
Lanthanum ( p  m )  1 2 . 4  1 6 . 1 1 4 . 2  ± 1 • 1 
Bromine 1 3 . 2  1 2 . 3  1 2 . 8  ± 1 .  2 
* Instrumental N eutron Activati on Analysi s 
t At omic Ab s orption Analy si s 



Appendix IV  

Raw Data Valu e s  For Duplicat e Sample s  
O f  Brookings  Soil Using INAA* 

Act iv e  Sit e : Area 1 ( June 1 97 9  Sampling ) 

Elem ent 
Cadmium ()pm) 
Z inc ( ppm 
Nickel ( ppm ) 
C opper ( ppm ) 
Mer cury ( ppm ) 
S el enium ( ppm ) 
Ars enic  ( )pm ) 
Sodium ( %  
P otas sium ( % )  
Chromium ( )pm ) 
Calcium ( %  
Magnesium ( % )  
Aluminum ( % )  
I ron {% ) 
Mangane s e  ( )pm ) 
Barium ( ppm 
Silver ( ppm ) . 
Molybdenum ( p)m )  
Antimony ( ppm 
Rubidium ( ppm ) 
Vanadium ( p)m )  
Chlorine ( %  
Strontium ( p)m )  
Thorium ( ppm 
Ce sium ( ppm ) 
Hafnium ( ppm ) 
Tantalum ( ppm ) 
Titanium ( p)m )  
Cobalt ( ppm 
Europium ( ppm ) 
Lanthanum ( p}m )  
Bromine !E!2m 

Sam;le 1 Samble  2 
< . 1  < . o  

< 5 0  < 5 0  
1 7 . 1 8 . 7  

< 5 0  <2 5  
< . 1 5 < . 1 1 
< . 3 5 . 75 
6 . 5 9 5 . 7  
. 7 92 . 702 
1 . 2 5  1 . 34  
44 . 6  43 . 3  

. 5 9 . 98 

. 69 1 . 03  
3 . 77  4 . 97 
1 . 76 1 . 67  

5 40 6 5 0  
722 743  

< 1 . 0  
< 3 . 2  < 3 . 2  
. 6 1 3 . 6 52  
6 9 . 2  5 5 . 2  
41 . 6  62 . 1  

< . 0 1 0  < . 0 1 0  
<240  <275 
6 . 99 7 . 1 5 
2 . 43 2 . 44 
7 . 02 6 . 97 

. 74 . 47 
2300  3300  
7 . 6 9 7 . 44 
. 9 5 1  . 8 5 9  
2 5 . 5  21  . 1  

6 . 3  7 . 9  

* Instrumental Neutron Activation Analy si s 

Average ± s 
< 1 0 
< 5 0  

1 2 . 9  ± s � o  
< 5 0  

. < . 1 5  
. 7 5 ± . 20 

6 . 1 5 ± . 76 
. 747 ± . 0 07 
1 . 3 0  ± . 024 
44 . 0  ± 2 . 3  

. 78 ± . 1  0 

. 86 ± . 1 4 
4 . 37 ± . 1  5 
1 . 72  ± . 0 9 

5 9 5  ± 20  
732  ± 5 7  

< 1 . 0  
< 3 . 5  

. 632 ± . 070  
6 2 . 2  ± 4 . 9  
5 1 . 9  ± 4 . 0  

< . 0 1 0 
<27 5 

7 . 08 ± . 3 5 
2 . 44 ± . 1 5  
7 . 00 ± . 3 8 

. 60 ± . 06 
2 8 00 ± 6 0 0  
7 . 56 ± . 3 9 
. 90 5  ± . 0 5 1 
23 . 3  ± 1 . 2 

7 . 1  + 1 . 1  

6 8  



Appendix IV  ( c ontinued ) 

Raw Data Values  For Duplicat e Sample s 
Of Brookings  Soil Using INAA* 

A c t iv e  Sit e : Area 2 ( June 1 97 9  Sampling ) 

Element Samble  1 Samble  2 Average ± s Cadmium ( )PUi'J < .,6 < • 5 < 1 0 
Zinc ( ppm < 50 < 5 0  < 5 0  
Nickel ( ppm ) 1 2  7 1 3 . 1 1 2 . 9  ± 4 . _5  
Copper ( ppm ) < 1 1 0  < 1 7 5 < 1 7 5  
M ercury ( ppm ) < . 1 0  < . 1 1 < . 1  0 
Selenium ( ppm ) < . 20 . 28 . 28 ± . 1 5  
Ars enic ( )pm ) 4 . 22 4 . 69 4 - 45  ± . 82 
Sodium ( %  . 8 5 5 . 868  . 862  ± . 0 08  
Pota s sium ( % )  1 . 3 5  1 . 48 1 . 42 ± . 03 
Chro mium ( )pm ) 34 . 5  34 . 3  3 4 . 4  ± 1 . 8 
Calcium ( %  . 72 . 90 • 8 1  ± . o a 
Magnesium ( % ) . 9 0 . 94 . 92 ± . -1 4 
Aluminum ( % )  4 . 5 2 4 . 25 4 . 38 ± . 1  5 
Iron ( % ) 1 . 46 1 . 42 1 . 44 ± . 07 
Mangane s e  ( )pm ) 7 00 660 6 8 0  ± 2 5  
Bari·um ( ppm 5 96 544 5 7 0 ± 46 
Silver ( ppm ) < 1 . 2  < 1 . 2  
Molybdenum ( p)m ) < 3 . 5  <3 . 5  < 3 . 5  
Antimony ( ppm  . 5 76 . 572 . 574  ± . 0 5 0  
Rubidium ( ppm ) 4 5 . 0  5 4 . 2  4 9 . 6  ± 3 . 0  
Vanadium ( p)m )  42 . 3 42 . 0  42 . 2  ± 4 . 0  
Chlorine ( %  < . 0 07 < . 01 2 < .  0 1 0 
Strontium ( p)m )  <280  <230 <27 5 
Thorium ( ppm 5 . 6 1 5 . 6 5  5 . 63 ± . 28 
Ce sium ( ppm ) 1 . 87  1 .  8 1  1 . 8 4  ± • 1 1  
Hafnium ( ppm ) 6 . 44 5 . 78  6 . 1 1  ± . 3 5 
Tantalum ( ppm ) . 4 5 . 52 . 48 ± . 04 
Titanium ( p)m )  246 0 1 760  2 1 1 0  ± 45 0 
Cobalt ( ppm 6 . 7 1 6 . 60 6 . 66 ± . 34 
Europium ( ppm ) . 77 0  . 83 1  . 8 00  ± . 041  
Lanthanum ( p}m )  23 21  22 ± 1 . 1 

5 . 5 5 . 5  5 . 5  ± 1 . 2 Bromine (ppm 
* Ins trumental N eutron Activation Analy si s 
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Appendix I V  ( continued ) 

Raw Data Value s  For Duplicat e  Sampl e s  
O f  Broo�ings Soil Using  INAA* 

- u s ed Site : Area 1 ( June 1 97 9  Samplin g ) 

El ement Sambl e  1 Samble  2 
Cadmium ( )p m )  < . 6  < • 9 
Zinc ( pp m  < 5 0  < 5 0  
rlickel ( ppm ) 1 7 . 0  1 4 . 7  
Copper ( ppm ) < 1 5 0  <7 5  
r� ercury ( ppm ) < . 1 0 < . 1 0  
S elenium { ppm ) < . 2 1  < . 21 
Ars enic ( )pm ) 5 . 7 9 5 . 6 5  
Sodium ( %  . 866  • 89 1  
Pota s s ium ( % )  1 . 36  1 . 47 
Chr o mium ( )pm ) 3 9 . 4  3 5 . 0  
Cal c ium ( %  . 76 . 7 5  
?vlagn e s ium ( % )  . 76 . • 99  
Aluminum ( % )  4 . 1 3  4 . 0 1 
Iron ( % ) 1 . 6 1  1 .  5 1  
Man gan e s e  ( )p m ) 860  820  
Bar iu m ( ppm 5 7 8  544 
S ilv er ( ppm ) < . 9 9 
Molybdenum ( p )m ) <3 . 5  < 3 . 6  
Ant i m ony ( ppm  . 6 32  . 5 4 5  
Rubi dium ( ppm ) 5 5 . 4  48 . 8  
Vanadium ( p)m ) 46 . 8  42 . 1  
Chl orine ( %  < . 0 1 3  < . 002 
Stront ium ( p)m ) <240 <65  
Thorium ( ppm 6 . 47 5 . 6 3  
C e s iu m  ( ppm ) 2 . 06 2 . 08 
Hafnium { ppm ) 5 . 47 5 . 0 8 
Tant alum ( ppm ) . 49 . 46 
Titanium ( p)m ) 1 6 00  1 6 8 0  
C o balt ( ppm  7 . 46 7 . 38 
Eur o pium ( ppm ) . 77 5  . 772  
Lant hanum ( p}m )  21  25  
Bro m ine  (ppm 8 . 2  9 . 4 
* I n s ru m ent al Neut r on Act ivat i on Analy s i s  

Av erage ± s 
< 1 0 
< 5 0  

1 5 . 8  ± 6 . 0  
< 1 5 0  
< . 1 0  
< . 2 5  

5 . 72 ± . 8 5 
. 86 8  ± . 008  
1 . 42 ± . 03 
37 . 2  ± 2 . 0  

. 76 ± . 0 9 

. 8 8 ± . f4 
4 . 07 ± . 1 3  
1 . 5 6  ± . 0 8 

8 4 0  ± 3 0  
5 6 1  ± 46 

< . 99 
< 3 . 5  

. 5 8 8  ± . 06 
47 . 1  ± 3 . 7  
44 - 4  ± 4 . 5  

< . 0 1 0  
<25 0 

6 . 0 5 ± . 3 3 
2 . 07 ± . 1 2 
5 . 28  ± . 29 

. 48 ± . 04 
1 6 40  ± 420 
7 . 42 ± . 3 8 
• 77 4 ± . 0 41 

23  ± 1 
8 . 8  ± 1 .  2 
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Appendix I V  ( continued ) 

Raw Data Value s  For Duplicat e Sampl e s  
Of Brooking s Soil Using INAA* 

Used  Sit e : Area 2 ( June 1 979  Sampling ) . 

Element 
Cadmium ( :ppm ) 
Zinc  ( ppm ) 
Nickel { ppm ) 
Copper ( ppm ) 
M ercury ( ppm ) 
Selenium ( ppm ) 
Ar s eni c ( :ppm ) 
Sodium ( % ) 
Pota s sium ( % )  
Chromium ( ppm ) 
Calcium ( % ) 
Magnesium ( % )  
Aluminum ( % )  
Iron ( % )  
Mangane s e  ( ppm ) 
Barium ( ppm )  . 
Silver ( ppm ) 
Molybdenum ( p:pm )  
Antimony ( ppm ) 
Rubidium ( ppm ) 
Vanadium ( ppm )  
Chlorine ( % ) 
Strontium ( p:pm )  
Thorium ( ppm ) 
C e sium ( ppm ) 
Hafnium ( ppm ) 
Tantalum ( ppm ) 
Titanium ( ppm )  
Cobalt ( ppm } 
Europium ( ppm ) 
Lanthanum ( p}m )  
Bromine ( ppm 

Sample 1 
<7 . 3  

< 5 0  
1 3 . 9 
< 1 0 0  
< . 1 8 
< . 20 
5 . 06 
. 99 0  
1 . 5 5 · 
32 . 4  

. 84 

. 7 9  
4 . 0 0 
1 . 5 6  
1 1 00 

5 64 
< . 9 5 
< 3 . 9  
. 6 8 5  
3 5 . 4  
47 . 5  

< . 0 07  
<2 1 0 
5 . 22 
2 . 06 
5 . 34 

. 49 
1 28 0  
B . O B 
. B O O  

2 3  
7 . 9  

Sampl e 2 

< 5 0  
1 5 . 1  
< 1 5 0  
< . 1 9 
< . 24 
3 . 92 
. 934  

- 1 . 41 
3 1 . 7  

. 8 1 

. 93 
3 . 90 
1 . 5 5  

920 
5 8 8  

<3 . 9  
. • 695  
5 5 . 9  
45 . 5  

< . 002  
<35 0  
5 .  4 1  
2 . 02 
5 . 64  

. 52 
1 340 
8 . 45 
. 737 

21 
8 . 9 

* Instrument al Neutron Activation Analysi s 

Average ± s 
< 1 0 
< 5 0  

1 4 . 5  ± 5 . 0  
< 1 5 0  
< . 20 
< . 25 

4 . 49 ± . 96 
. 96 2  ± . 0 0 9  
1 .  4 8  ± • 0 3  
32 . 1  ± 1 • 7 

• 82  ± • 1 0 
• 86 ± . 1 6  

3 . 9 5 ± . 1 3  
1 . 5 6  ± . 08 
1 0 1 0  ± 3 5  

5 76 ± 48  
< . 9 5 
< 4 . 0  

. 69 0  ± . 0 44 
45 . 6  ± 4 . 0  
46 . 5  ± 5 . 2 

< . 0 1 0  
< 3 5 0  

5 . 32 ± . 26 
2 . 0 4 ± . 1 2  
5 . 49 ± . 3 0 

. 5 0 ± . 0 4 
1 3 1 0  ± 2 5 0  
8 .  2 6  ± • 4 1  
. 76 8  ± . 042 

22 ± 1 
8 . 4  ± 1 . 3 

7 1  



Appendix I V  ( c ontinu ed ) 

Raw Data Value s  For Duplicat e S ampl e s 
Of Brooking s Soil Using  INAA* 

New Sit e : Area 1 ( June 1 97 9  Sampling ) 

Element 
Cadmium ( ppm ) 
Zinc ( ppm ) 
Nickel ( ppm ) 
C opper ( ppm ) 
M ercury ( ppm ) 
S elenium ( ppm ) 
Ars enic ( ppm ) 
Sodium ( % ) 
Pota s sium ( % )  
Chromium ( ppm ) 
Calcium ( % )  
Magne sium ( % )  
Aluminum ( % )  
I ron ( % )  
Mangane s e  ( ppm ) 
Bari_um ( ppm ) 
Silver ( ppm )  
Molybdenum ( ppm )  
Antimony ( ppm ) 
Rubidium ( ppm ) 
Vanadium ( ppm )  
Chlorine ( % )  
Strontium ( p:pm )  
Thorium ( ppm ) 
C e sium ( ppm ) 
Hafnium ( ppm ) 
Tantalum ( ppm ) 
Titanium ( ppm ) 
Cobalt ( ppm ) 
Europium { ppm ) 
Lanthanum ( plm )  
Bromine (ppm 

Sample  1 
< 5 5 
< 5 0 
< 1 0 
< 90 

< . 1 0  
. 8 8 

< 2 . 4  
. 56 1  
. 940 
30 . 4  
1 0 . 4  
2 . 1 1 
3 . 33 
1 . 25  

7 30  
474 

< . 5 9 
< 5 3 

. 478  
3 5 . 8  
40 . 3  

< . 008  
<400  
6 . 03 
2 . 1 7 
4 . 25 

. 47 
1 770  
5 . 33 
. 5 6 0  

1 9  
1 6 . 5 

Sample  2 
< 52 
< 5 0  

< 7 . 5  
< 1 20 
< . 1 0  

. 94 
2 . 7  

. 5 3 1  

. 92 5  
33 . 7  
1 0 . 4  
2 . 26- - -
3 . 09 
1 . 27 

730 
674 

< 5 0  
. 46 0  
4 1 . 6  
43 . 2  

< . 009  
< 380  
4 - 54 
2 . 09 
4 . 6 5  

. 5 0 
1 7 1 0  
5 . 44 
. 5 46 

1 8  
1 3 . 8  

* Instrumental N eutron Activation Analy si s 

Average ± s 
< 5 5  
< 5 0  
< 1 0 

< 1 20 
< . 1 0  

. 9 1 ± . 20 
2 . 7  ± . 9  

. 54 5  ± . 0 08  

. 932  ± . 0 34 
32 . 0  ± 1 . 7 
1 0 . 4  ± . 45 
2 . 1 9  ± . 2.0 
3 . 21 ± . 1 0  
1 .  26 ± • 06 

7 3 0  ± . 25 
5 7 4  ± 1 1 0  

< . 5 9 
< 5 0 

. 46 9  ± . 0 5 1  
3 8 . 7  ± 4 . 2  
4 1 . 8  ± 3 . 8  

< . 0 1 0  
< 40 0  

5 . 28 ± . 27 
2 . 1 3  ± . 1 3  
4 - 4 5 ± . 2 5 

. 48 ± . 0 5 
1 740  ± 37 0 
5 . 3 8 ± . 26 
. 5 5 3  ± . 03 1  

1 8  ± 2 
1 5 . 2  ± 1 . 8 
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Appendix IV  ( c ontinued ) 

Raw Data Value s  For Duplicate Sampl e s  
O f  Brookings Soil Using  INAA* 

New Site  : Ar ea 2 ( June 1 979  Sampling ) 

El ement 
Cadmium ( :ppm ) 
Z inc ( ppm )  
Nickel ( ppm ) 
Copper ( ppm ) 
Mercury ( ppm ) 
Selenium ( ppm ) 
Ars eni c ( :ppm )  
S odium ( % ) 
Pota s s ium ( % )  
Chro mium ( ppm )  
Calcium ( % ) 
Magnesium ( % )  
Aluminum ( % )  
Iron ( % )  
t1angane s e ( :ppm ) 
Barium ( ppm ) 
Silver ( ppm ) 
Molybdenum ( p:pm )  
Antimony ( ppm ) 
Rubidium ( ppm ) 
Vanadium ( ppm ) 
Chlorine { % ) 
Strontium ( p:pm ) 
Thorium ( ppm ) 
Ce sium ( ppm ) 
Hafnium ( ppm ) 
Tantalum ( ppm ) 
Titanium ( ppm ) 
Cobalt ( ppm ) 
Europium { ppm ) 
Lanthanum ( p  m )  
Bromine 

Sample 1 
1 . 7 t  
< 5 0  

< 8  
< 9 5  

< . 1 0  
1 .  0 5  

3 . 1  
. 32 5  
. 6 02 
23 . 8  
1 7 . 3 
1 . 37 
2 . 1 7  
1 .  0 1  

6 9 0  
5 44 

< . 52 
< 44 

. 4 87 
28 . 5  
47 . 8  

< . 0 1 0 
<620  
4 . 96 
1 . 6 4  
3 . 29 

- 44 
1 48 0  
3 . 6 9  

• 41 4 
1 7 . 3  
1 5 . 4  

Sampl e 2 

< 5 0 
< 7 

< 5 0  
< . 1 0  
1 . 3 8  

3 . 5 
. 348 
. 6 1 4 
24 . 1  
1 6 . 5 
1 " . 3 5 
2 . 20 
1 . 03  

660 
567 

< 46 
. 36 5 

. 1 7 . 6  
37 . 9 

< . 002 
< 260 
4 - 45 
1 . 74  
3 . 1 1  

. 46 
1 87 0  
3 . 82 
. 423  
1 7 . 3  
1 3 . 0  

* In strumental N eutron Activation Analysi s 
t Atomi c Ab sorpt ion Analys i s  

Average ± s 

< 5 0  
< 1 0 

< 1 0 0  
< . 1 0  

1 .  22 ± • 23 
3 . 3 ± . 6  

. 3 36  ± . 0 04  

. 60 8  ± . 0 1 8  
24 . 0  ± 1 . 3 
1 6 . 9  ± . 7 0 
1 .  3 6  ± . 1 ·4 
2 . 1 9  ± . 08 
1 . 02 ± . 0 5 

67 5  ± 25  
5 5 5  ± 1 0 0 

< . 52 
< 5 0 

. 426  ± . 047 
23 . 0  ± 3 . 0 
42 . 8  ± 3 . 5  

< . 0 1 0  
< 5 0 0  

4 . 70 ± . 24 
1 . 6 9 ± . 1 0 
3 . 20 ± . 1 8 

- 45 ± . 0 5 
1 67 5  ± 4 5 0  
3 . 76 ± . 1 9  
. 4 1 8  ± . 023 
1 7 . 3  ± 1 . 1 
1 4 . 2  ± 1 . 1. 
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