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FOREWORD 

Early in 1960 a special meeting of the Los Angeles Regional 
Water Pollution Control Board was held to consider a request for 
modification of certain requirements regarding disposal of refuse 
in a gravel pit located near the center of a major ground water 
basin. Testimony offered during the meeting revealed a difference 
of opinion as to the possible effect of refuse disposal upon the 
ground water quality of the basin. There appeared to be a clear 
and pressing need for more factual information and data pertaining 
to refuse disposal in alluvial formations and protection that 
should be afforded to ground water basins. 

Some years before, the State Water Pollution Control Board 
had sponsored research studies of the extent of pollution of 
ground water by alkalies and salts leached from refuse dumps. 
Projects undertaken by the University of Southern Californfa under 
the direction of Professor Robert C. Merz resulted in State Board 
Publications No. 2, "Investigation of Leaching of Ash Dumps" (1952) 
and No. 10, "Investigation of Leaching of a Sanitary Landfill" 
(1954). 

In August, 1958, a large rise in hardness was observed in 
water from a well adjacent to a refuse dump. The available data 
on the changes of the chemical quality of this water were assem­
bled by the Los Angeles Regional Board. Later, the regional board 
contracted with the California Department of Water Resources for 
an investigation of ground water impairment in the basin. The 
results showed a build-up of carbon dioxide, apparently of refuse 
origin, with an associated increase of hardness. 

In response to the need for further information, the State 
Board's research consulting board (Jack E. McKee, Sc.D., Erman A. 
Pearson, Sc.D., and Richard D. Pomeroy, Ph.D.) recommended that 
.a project be undertaken to collate all available data bearing on 
pertinent aspects of the problem. In light of this undertaking 
it was suggested that the collation project include a recommended 
program of specific research projects needed to fill gaps found 
to exist in present knowledge of the subject. 

On September 1, 1960, the State Board contracted with 
Engineering-Science, Inc., Arcadia, to undertake a study for the 
collation, evaluation and presentation of data on effects of 
refuse dumps on ground water quality. On the succeeding pages is 
printed the contractor's report submitted on August 29, 1961. 
Background information and objectives are shown in the report 
transmittal letter and Chapter I - Introduction. Findings are 
summarized in Chapter VII - Recommendations. The latter chapter 
includes a list of specific research objectives or needs, with 
relative priorities for future projects. Printing and distribution 
of the report as Publication No. 24 was authorized by the board on 
November 1, 1961. 

Although the investigation reported herein was conducted under 
the sponsorship and direction of the State Water Pollution Control 
Board, the conclusions and recommendations given in the report are 
those of the research contractor and do not necessarily reflect 
opinions or policies of the board. 
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Gentlemen; 

bet l• 
d ted SepterP £ In accordance with Standard Agreement 12-19 • . a "Effects o der 

1960, we are her ewith submitting our final report, entltled f rned uP •P· 
Refuse Dumps on Ground Wate r Quality". This wor wa . 

130
.,ver k 8 per or 111• 

my direction, with the consulting assistance of Mr . Francts R. 
Dr. Andrew L. Gram of our staff was project engineer. 

of 
1 atiOP d· . the eva u ·ewe In the report , information considered pertment to d re"l 

potential ground water pollution by r efus e dump s is developed anh'ch we dto 

· t s w 1 de Recommendations are given for a series of research proJeC d ta nee b 
. f . sh a 3s' eheve should be undertaken without delay in order to urm llY are 

establish appropriate requirements for refuse dumping in grave 

R espectfully yours, 

HFL:jed 

+\-~ F. -e.._u. ~er:ot 
_U . preSl 

Harvey F. Ludwtg' InC· 
Engineering-Science' 

·a ,.(~(11' 
Ca"l' San Francisco Area Of!ico and Rosoarch Confer: 4144 Telegraph Auenuo, Oakland 9' 
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I. INTRODUCTION 

This report has been prepared by Engineering-Science, Inc. , in 
accordance with the terms of Standard Agreement 12-1 9 of the California 
State Water Pollution Control Board. 

As a result of the rapid population growth of metropolitan Los Angeles 
and the increasing urbanization of outlying areas, it has become increasingly 
difficult to find suitable convenient locations for land refuse disposal, The 
problem has further been aggravated ·by the abolition of all household inciner­
ation as a measure to control air pollution. Consequentl y the ·possibility of 
using spent sand and grave l pits, of whi c.h there are a considerable number ln 
the San Cabri el and San Fernando valleys, has received more and more seri­
ous consideration, Because of the permeable nature of the ground in the 
grave l pit regions, and because many of the pits have b een excavated below 
the ground water table, there has been just apprehension concerning the pos. 
sible pollution of the grqund water should any uncontrolled dumping of refuse 
be permitted. 

The avai lability of close-in refuse disposal sites is evidently in the 
public interest, just as is a ground wate;r suppl y unimpaired from its natural 
condition, Further, the empty gravel pits are worthless eyesores, whereas 
filled with refuse or any other material, their surfaces wou :d b ecome avai lable 
for recreational, industrial, parking, and other useful, purposes. There is a 
clear need for technical information which could be used to determine under 
what circumstances the ·di sposal of refuse into gravell y areas wi ll not constitute 
a menace to the g:round water quality. 

Objectives 

The pl,'incipal objective of the report was to organize and review the 
available information concernin g the effects of refuse fills on the quali ty of the 
adjacent ground water. The technical information lacking for a satisfactory 
understanding of how to make use of gravel pits for refuse disposal without 
ground water degradation was thus made apparent, and a research p:rogram 
designed to furnish the missing facts was recommended, 

Specific objectives of ·the report, as expressed by the State Water 
Pollution Control Board in Standard Agreement 12-1 9, were the fo'llowing: 

1. Assemble and coll ect all availabl e information from publications 
and from such public and private reports that may be obtained, 

2. Analyze any availab le data relative to changes in composition of 
gases in the soi l atmosphere and their movem,ent through the ground a nd their 
a bsorptioh into ground water. 

- 1 -
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3. List the chemi ca l, biolo gical, hydrologic, geologic, and oth er 
factors that may affect the extent pf ground water a l teration by buried rub ­
bish , c larifying the state of knowl edge in each case . 

4. Analyze data re lating to the changes in the composition of chemical 
and biological constituents of the ground water, both for situations where the 
ground water table is within the land fi ll and where the fill is above the 
water tab le. 

5. Evaluate the effect of movement of water and gases throu gh the soil 
on the constituents of the air and water, re s pectively, with regard to adsorp­
tion, desorption, ion-exchange and similar phenomena as they relate to water 
quality. 

6. Analyze data relative to the rates of decomposition of organic matter 
in sanitary land fills under various conditions of compaction, moisture , sotl 
content, and composition of the trash. · 

7 · Prepare a comprehensive r eport of the findings and conc lusions of 
the investigations . 

Scope of Study 

The search for information covered published reports on the subject of 
refuse disposal, papers pub l ished in the techni cal journals, and such unpub­
li shed data as could be obtained from pub!i c and private sources through lo~;t 
mqutry and by correspondence. Some fifty individuals throughout the Unite 
States in sanitary en gineering and allied fie lds were contacted for references 
and tnformation. Especially valuable sources of dire c t information on refu~e 
pollutton of g d R. erstde, . roun water were Merz's report of s tudies made at the tV 
California · f" B · t" sh M· . • santtary tll (Reference 18), and the recent r eport by the rt 1 

1 •n•stry of Housing and Lo cal Government on experimental studies of po l ­
utton by refuse dumped into wet and dry pits (Reference 33) . In developing e 

perttnent facts t th b 
1
· teratur 

. . . 
0 

e pro lem at hand, it was necessary to extend the 1 d tnvesttgatton to th f " ld f . . t y an 
b. . . e te s o sot\ science hydrology physical chem1s r • tochemtstry . • • 

In presentt"ng the a · d d . . . . t an at-
tern t h b cqutre ata and 1nformat10n tn th1s repor • ·n 

· P as een made t b · ·pate 1 a ff 0 esta llsh all of the factors which mtght parttct 
ny e ects of refuse f"ll h divtdu-

a ll y Th d 
1 

s on t e ground water , and to evaluate them tn have 
b · e ata apparently lacking for a thorough appraisal of the probl em 

een summarized at the end of each se c tion. 

Acknowl edgements 

At the be ginning of the project an Advisory Committee was formedt.of 
persons interested by reasons of the· • . ves ,. 
gat ton Th 1r own work in the results of the 10 f two 

. e committee met to discuss and constructivel y criticize each o 

-2-
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progress reports, and prepared detailed comments on the initial draft of this 
final report. Engineering-Science, Inc. wishes to express its sincere gratitude 
to the members of the advisory committee for the time and effort they donated. 
Following is the composition of the committee: 

Mr. Linne Larson, Executive Officer, Regional Water Pollution 
Control Board No. 4, Chairman of the Advisory Committee. 

Mr. F. R. Bowerman, Assistant Chief Engineer, County Sanitation 
Districts of Los Angeles County. 

Mr. Dewey Dye, Engineer, Department of Water and Power, City 
of Los Angeles. 

Mr. Carl Fossette, Executive Secretary, Central Basin· Municipal 
Water Distr.ict. 

Mr. Juds.on A. Harmon, Supervising Sanitary Engineer, California 
Department of Public Health. 

Mr. Howard H. Hawkins, Director, Upper San Gabriel Valley 
Municipal Water District. 

Mr. Raymond Hertel, Senior Water Pollution Control Engineer, 
Regional Water Pollution Control Board No. 4. 

Mr. Norman B. Hume, Director, Bureau of Sanitation, City of Los 
Ange les. 

Mr. Finley Laverty, Assistant Chief Engineer, Los Angeles County 
Flood Control District. 

Mr. Ben R. Paris, Director, Bureau of Street Maintenance, City of 
Los Angeles. 

Mr. Arthur Pickett, Division Engineer, Los Angeles County Engineer ' s 
Office. 

Mr. Brennan S. Thomas, Chief Engineer and General Manager, Long 
Beach Water Department. 

Mr. A. E . Thompson, Refinery Manager, Mobil Oil Company. 

Mr. Ralph Thorsen, President, Owl Park Corporation. 

Mr. David B. Willets, Supervising Hydraulic Engineer, California 
Department of Water Resources. 

-3-
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Many individuals and agencies have contributed t1me an 

1 

' ng data . d invaluable 
information for use in the study, Among the public agencies ~ uppl~ollution 
Were the California State Water Pollution Control Board, Reglona 

8 

the 

R source • 
Control Board No, 4, the California Department of Water e s County 
Buteau of Sanitation .of the City of Los Angeles, the Lo s Angele 
.. ,.,..,,,,OHio,, '-' <ho cu, of p.,,,,,. Wu., Dopulmonl, d 

loye . . Inc, , ernp able Iti the prepar•tion of the report, Engineer1ng-Sc1ence, 'buted valu 
the consulting services of Mr. Francis R. Bowerman, who contrl 
information on specialized phases of the study, 

·4-
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II. VERTICAL WATER MOVEMENT 

Water applied to the surface of a refuse fill may have two important 
effects: One is the effect on the refuse decomposition rate, which is profoundly 
dependent on moisture content; the other is the leaching and transport of soluble 
materials in the refuse downward to reach ground water. In assessing both of 
these effects, a primary consideration is the amount of water reacl).ing the 
refuse and its rate of arrival. These factors are determined by the rate at 
which water is applied to the fill surface--through predpitation, irrigation, or 
surface runoff- -and by the r~tention and transmission characteristics of the 
refuse and its cov·er. 

Theoretical Considerations 

The movement of water in a porous medium occurs under the action of 
gravity and pressure differences ·and is influenced by surface tension and other 
forces associated with the tendency for moisture -to adhere to the solid surfaces. 
In saturated portions of the medium the moisture content per unit volume .is 
constant and consequently there are no net forces of the surface type. In that 
case, the flow rate is proportional to the combined gradient of pres.sure and 
gravity potentials, or to the gradient in static head. In symbols, 

v=-kgrad(.f_+h) (l) 
w p 

where vis flow per unit ar'ta of medium, Yf is pressure head, his potential head, 
and k is a constant known as the hydraulic conductivity of the porous medium. 
This expression is Darcy's Law and it holds very well for flow velocities suf­
ficiently· low that the flow is essentially laminar through the interstices of the 

medium. 

In regions where the pores are not comple,tely filled with water, a spacial 
val'iation in moisture content is accompanied by forces tending to transfer moisture 
from damper to drier areas. These forces can b.e considered as the ' gradient of 
a potential known as the "capillary potential" or "suction", which is the wor.k 
required to remove a unit weight of water from the medium to a continuous body 
of water. The term "suction" is derived from the fact that the capillary potential 
corresponding to a given moisture content is equal to the vacuum which must be 
applied to a body of water in contact with the medium in order to .maintain equi­
librium. The total force acting on an element of moisture .in an un.saturateci region 
is the gradient of the gravitational and capillary potentials. Darcy's Law still 
holds, but with the conductivity varying as a function of the moisture content: 

v = -k(u) grad (S+h) (2) 

where u is the local moisture content per unit bulk volume of medium, and -S 
·is the suction. 

-5-
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4, · Analyz e a~ . 
and biological constituents o. 
ground water table is within the tan-. 
water table. 

5, Evaluate the effect of movement of water 
on the constituents of the air and water, respectively, 
tion, desorption, ion- exchange .and similar phenomena as quality. 

anic · 
.. n of org soil 6. Analyze data relative to the rates of decompos.ltlO moisture, 

in sanitary land fills under various con~itions 
Of compaction, 

S of 

content, and composition of the trash. · 

0

n 

and concluSl , f the findings 7. Prepare a comprehens LVe report o the investigations. 

t of 

Scope of Study b · ec 

on the au l ub· The search for ·information covered publ1s e 

1 

and sue gh toe 
refuse disposal, papers published in the tee mea l rces t !Jnite 

. h d reports h unP al 
h . 1 'ourna s, ·hrou d 

I

, · d rivate sou the es lshed data as could be obtained from publ1c an P · h ughout f rene 

· · f · d' 'duals t ro re e f ae Lnqu,ry and by correspondence. Some fi ty m 1v1 . ted for re u S 

· · . d e contac . n on ideo tates 1n san1tary engineering and allied f1el s wer . f rmatlO R' verB d 

· f· · f d' rect m 0 he 
1 

· b an 1n ormation. Especially valuable sources o 1 de at t J3rit1S 
poltn<ionof '"•od w,,., wm Mm' 0 "PO" of ofodioo m•,, by fh• fPol· 
California, sanitary fill (Reference 181, and the recent rep\ studies 

0 
toping re 

!vi" · · · ·menta d ve tll '"'"'Y of Hon•tng ~d Loo.t Gor.,nmnn£ on nxpn« l3) In ' tl"'' d 
ln<ion by >nfo" dompnd lnfo _, •nd ''' pifo (Rnfmnon ;,,.nd "·' "'' " 
pertinent facts to the problem at hand, it was necessary to. al chemls 
investigation to the fields of soil science, hydrology, physiC 

hioohomt"'Y· n •'" 

0 rt, a in 
. . this rep . cipate • In presenting the acquired data and informatiOn m . ght partl dividll e 

t t h 

· hich m1 in '-a." ernp as been made to establish all of the factors w te them 

1 

ttl " ff 

d to evalua rob e 
any e ects of refuse fills on the ground water, an . f the P 
ally. The data apparently lacking for a thorough appraisal 

0 been summarized at the end of each section, 

£ 

Aoknowtodgomonfo m•' 

0 

s for ti• . , , C mmitte.e· wa inves wo At the beg1nn1ng of the project, an AdVisory 0 lts of the h oft 
persons interested by reasons of their own work in the resu ' ticize eac 
gation, The committee met to discuss and constructively en . · 
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FOREWORD 

WaterE;rly in 1960 a special meeting of the Los Angeles Regional 
modifi ollution Control Board was held to consider a request for 
in a gcati~n of certain requirements regarding disposal of refuse 
basin rave pit located near the center of a major ground water 
of opt 

1
Testimony offered during the meeting revealed a difference 

groundn on as to the possible effect of refuse disposal upon the 
and r water quality of the basin . There appeared to be a clear 
to r~~ssing need for more factual information and data pertaining 
should be d}sfposal in alluvial formations and protection that 

e a orded to ground water basins. 

had s:~:e ye:rs before, the State Water Pollution Control Board 
ground ws~re bresearch studies of the extent of pollution of 
Projectsa er Y alkalies and salts leached from refuse dumps. 
the di ~dertaken by the University of Southern California under 
Public~~it on of Professor Robert C. Merz resulted in State Board 
and No 

1
gns .. No. 2, "Investigation of Leaching of Ash Dumps" J1952) 

(1954): • Investigation of Leaching of a Sanitary Landfill 

wateri~rAugust, 1958, a large rise in hardness was observed in 
on the com a well adjacent to a refuse dump. The available data 
bled by ~:nges of the chemical quality of this water were assem­
contract e Los Angeles Regional Board. Later, the regional board 
an inves~1 with the California Department of Water Resources for 
results gation of ground water impairment in the basin. The 
origin, =~ohed a build-up of carbon dioxide, apparently of refuse 

t an associated increase of hardness. 

Boardf: response to the need for further information, the State 
Pearson r~segrch consulting board (Jack E. McKee, Sc.D., Erman A • 
. a proje~t c. • • and Richard D. Pomeroy, Ph .D.) recommended that 
Pertinent be undertaken to collate all available data bearing on 
it was s aspects of the problem. In light of this undertaking 
Program u~gested that the collation project include a recommended 
to existoi specific research projects needed to fill gaps found 

n present knowledge of the subject. 

Engin~r~~ptember 1, 1960, the State Board contracted with 
collation g-Science, Inc., Arcadia, to undertake a study for the 
refuse du' evaluation and presentation of data on effects of 
Printed t~s on ground water quality. On the succeeding pages is 
Background ic~ntractor's report submitted on August 29, 1961. 
transmittal l ormation and objectives are shown in the report 
summarized 

1 
etter and Chapter I - Introduction. Findings are 

includes a 
1
n Chapter VII - Recommendations. The latter chapter 

relative r ist of specific research objectives or needs, with 
of the repo~orities for future projects. Printing and distribution 
November i, i

9
6i.Publication No. 2q was authorized by the board on 

h A1 though th t . e sponsorshi e investigation reported herein was conducted under 
Board the P and direction of the State Water Pollution Control 
those'of thconclusions and recommendations given in the report are 
0 Pinions ore r

1
esearch contractor and do not necessarily reflect 

po icies of the board. 
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HARVEY F, LUDWIG, PRESIDENT 
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State Water Pollution Control Board 
1227 "0" Street 
Sacramento 14 , California 

Gentlemen: 

1!10 EAST I'OOTHILL BL 
ARCAD IA, CALIFORNIA 

ELLIOT 8·8381 

In accordance with Standard Agreement 12-19, dated September 1, 
1960, we are herewith submitting our final report, entitled "Effects of 
Refuse Dumps on Ground Water Quality". This work was performed under 
my direction, with the consulting assistance of Mr. Francis R. Bowerman. 
Dr. Andrew L. Gram of our staff was project engineer. 

In the report, information considered pertinent to the evaluation of 
potential ground water pollution by refuse dumps is developed and reviewed. 
Recommendations are given for a series of research projects which we 
believe should be undertaken without de lay in order to furnish data needed to 
establish appropriate requirements for refus e dumping in gravelly areas. 

HFL:jed 

R espectfully yours, 

+\-~F. e_u.~(J 
Harvey F. Ludwig, President 
Engineering-Science, Inc. 

San Francisco Aroa Offica and Rasaarch Canter: 4144 Tolograph Auonuo, Oakland 9, California 
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I. INTRODUCTION 

This report has been prepared by Engineering-Science, Inc. , in 
accordance with the terms of Standard Agreement 12-19 of the California 
State Water Pollution Control Board. 

As a result of the rapid population growth of metropolitan Los Angelea 
a?d.the increasing urbanization of outlying areas, It has become increasingly 
dtfftcult to find suitable convenient lo cations for land refuse .disposal. The 
pr.oblem has further been aggravated ·by the abolition of all household inciner• 
att.on as a measure to control air pollution. Consequ.ently the possibility of 
UStng Spent sand and grave l pits, of whi c.h there are a considerable number .in 
the San c b · 1 · a rte and San Fernando valleys, has received more a nd more sen-
ous c.onsideration, Because of the permeable nature of the ground in the 
gravel pit regions, and b ecause many of the pits have been excavated below 
t~ e ground water table, there has been just apprehension concerning the pos­
Stbl.e pollution of the gr0 und water should any uncontrolled dumping of refuse 
be permitted. 

The availability of close-in refuse disposal sites is evidently in the 
public interest, just as is a ground water supply unimpaired from its natural 
cond't· · 
f' 

1 
ton, Further, the empty gravel pits are worthless eyesores, whereas 

/ll ed with refuse or any other material their surfaces wou :d become available 
olr recreational, industrial parking ;nd other useful purposes. There is a 

c ea·r d f . . , ' l • d 
h nee or techmcal tnformation which could be used to determme un er 

w at circumstances the ·disposal of refuse into gravelly areas will not constitute 
a menace to the ground water quality. 

~jectives 

. The Principal objective of the report was to organize and review the 
avatlabl · f · · f th d' e m ormatLOn concerning the effects of refuse fills on the quallty 0 e 
a Jacent ground water. The technical information lacking for a satisfactory 
Understand"'- f h · 1 'th t tug o ow to make use of gravel pits for refuse dtsposa Wl ou· 
ground wat d · h . 
d . er egradatLOn was thus made apparent, and a researc p:rogram 

esagned to furnish the missing facts was recommended. 

P . Specific objectives of ·the r eport, as expr essed by the State Water 
ollutton C t f ll · · · on rol Board in Standard Agreement 12-19, were the o owmg. 

a d 1• Assemble and colle ct all available information from publications 
n from such public and private reports that may be obtained, 

. 
2

• Analyze any available data relative to changes in composition of 
gases tn the ·1 d d th 'r absor . . . sot atmosphere and their movement through the .groun an et 

ptton tn to ground water. 
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3. LLs t the chemica l, b iolog ical, h yd ro logic , ge ologi c , a nd oth e r 
fac tor s that m ay affec t th e ext en t pf ground water alteration b y bur ied r ub ­
bi s h , c la rifying the s t at e of knowl ed ge i n each c ase . 

4. Ana lyze data re latin g to the chan ges in the co m po s ition of ch e mica l 
and biological con stituen ts of t he ground wate r , both f o r s itu a tions whe re th e 
ground wa te r tab le is within th e la nd fi ll a nd wh c 1· c the fil l i s a bove the 
wate r ta b t e . 

5. E va lua te tho eff e c t of move m ent of wa ter a nd ga ses through th e s o il 
on the cons t ituents of th e a i r a nd water, r e s p ectiv e l y , w ith regard to a dsorp­

t ion , d es o r p tion, i on - ex c ha n ge and s lm ilar p h enom en a na the y r e late to wate r 
qua li ty, 

6. Ana lyze da ta r e la tive to the rat es of d e c omposition of organi c matter 
in sani ta r y l and fi ll s under va riou s c on~ition s o£ co m p a c t io n , m oistu re, s oil 
c on tent , a nd co m pos itio n o ! th o tJ.·neh . 

7 , Prep a r e a com pre hen s ive r eport of the findin gs and conc l us ion s of 
the inve st igations . 

Scope of Study 

The searc h fo r informa t ion c overe d publi sh ed r e p orts on the s ubj ec t of 
r efus e di s posal, pa p e r s publi shed in the te c hni cal journal s , a nd s uc h unpub­
li s h ed da ta as c ou ld b e obtain ed from pub !i c a nd pr ivate sou rc e s through local 
inqu ir y a nd b y co rr esponde nce . Some fift y individua l s throughout th e United 
Sta t es in sanita r y engineer ing a nd a ll ied fie ld s were c ontacted fo r re f e r en ces 
and info rma t ion, Esp ec ia ll y val uabl e s ou r c es of d i re c t information on refus e 
pollution of ground water were Merz ' s repor t of s t udi es made a t t h e R i v e r s ide, 
Califo r n ia , sani tary fi ll (Ref e r ence 18), and th e recent r eport b y the B r itish 
Min ist r y of Hous ing a nd L o ca l Gove r nment on expe rimental studi es of pol­
lution b y refu se d umped into wet a nd dry pit s (Ref e r e n ce 33 ). In d eveloping 
pertinent fac ts to t h e probl e m a t ha nd, it was n ecessa ry to extend the l iteratu re 
inves t igat ion to th e fi e ld s of s o il sc ienc e , h yd ro lo gy , phys ic a l c h e mistry, a nd 
bioche mi s try . 

In presen t in g the ac quir ed da ta a nd Information in thi s repo rt, an a t ­

t empt has been m a de to es tab l i s h a ll of th e fa c tor s which might p a rti c ipate in 

a ny effe c t s of r efuse fi ll s o n th e ground water , and to eva luate th em individu­
a ll y. The data app a r e ntl y l a c king for a t horo u gh a pprais a l of the p robl e m ha v e 
been summarized at the end of each section. 

A c knowl e d ge m e nt s 

At the b eginni ng of the proj e ct , an Advis o ry Com mitte e was fo r m e d of 
p e r s on s inte r ested by reasons of their own work in the resul ts of the inves ti­
gation, The committee m e t to d isc uss a nd con s t ructive l y cri t icize each of two 
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progr e s s reports , and pr ep a r e d deta il ed c om m ents on the initial draf t of this 
f ina l repor t. E n g in ee rin g -Sci en ce , Inc . w i s h es to express it s s inc e r e g r a titud e 
to the m em b ers of the a dvis ory commit t ee fo r th e t im e a nd effort th ey donated. 
Following i s the c ompos ition of th e c om m ittee: 

Mr . L inne L ars on, Exec ut ive Offic e r, R e giona l Wate r Pollution 
Contro l Board No . 4 , Cha irma n of th e Advi s o r y Committee . 

Mr . F . R . Bo werm a n, Assis tant C hief E ngineer , Co unty Sanitation 
Di s t ri t s of Los Ange l s Co un ty. 

Mr. Dewey Dye , E n ginee r , Dep a rtment of Water and Powe r, City 
of Los Ange l es , 

Mr . Car l F'oss e tte , Bxocuti ve Secl' etll.l'Y, Central Basin· }.1unlcipai 
Wa ter Dist r.i c t . 

Mr . J udson A . !-Jarmon , S upervi sing S anitary E nginee1.· , C n.Hfo~·nia 

Department of P ub li c I-lea l th . 

Mr. Howard H. Hawkins , Direc tor, Upp e r Sa n Gabriel Va ll e y 
Muni c ipa l Wa t e r Di strict. 

Mr . Ra ymond He rt e l , Senior Wa t e r P ollut ion Control E n gineer , 
R egiona l Wa t e r Pollution Control Boa rd No . 4. 

Mr. Norma n B. Hume , Director, Bu reau of Sani t a tion , City of Lo s 

Angel e s. 

Mr. Finl e y Lave rty , Ass i s t a nt Chief Engineer, Los An ge l es County 

Flood C ont r ol Di s tric t. 

Mr. B en R. Paris, Dir ec tor, Bureau of Stree t Maintenanc e , City of 

Lo s Angel e s . 

M r. Arthur Pi cket t , Divi s i on E n gineer , Los An ge le s Coun ty E n gin eer ' s 

Offic e . 

Mr, Brennan S. Th omas , Chief E n gineer a nd G en e r a l Ma nager , L on g 

B each Wa t er Department. 

Mr . A. E. Thompson , Refine r y Manage r , Mobil Oil Compan y. 

M r . Ra lp h Th orsen, Pres id ent, Owl Par k Cor poration. 

Mr . David B. Will e t s , Sup ervi s ing Hydr a ulic Engineer , Calif o rnia 
D ep a rtment of Wate r R es ources . 
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Many individuals and agencies hav, 
information for use in the study, Among I 

were the California State Water Pollution 
Control Board No, 4, the California Depa: 
!llftlau of Sanitation .of the City of Los An~ 
Enaineer

1
a Office, al\d the City of Pasade1 

In the prepar•tiol'l of the report, E. 
the co·nsulting s ervic;es of Mr , Francia R.. 
information on specialized phases of the s 
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The variation in suction and hydraul 
is shown in --Figure 1 for several media. Tl 
a moisture content equal to the porosity of I 

high value as the moisture content approach 
relatively uniform size particles, the sucti( 
moisture content over which the change in s 
in well-graded media increases without infl• 
value at saturation and decreases rapidly aE 

In order to analytically calculate the 
a medium of known and uniform properties, 
may be obtained by combining Darcy's Law 
expresses the fact that any local rate of cha: 
spond to a differen·ce in the rate of moisture 
The equation of continuity is: 

du t div v = 0 
dt 

Substituting for v the expression given by D 

clu 
di: 

div (k grad (St 

div (k gradS) 

where z is the vertical space coordinate. I: 

Equation (4) becomes 

D(u) = k dS 
du 

clu div (D grad u) 
clt 

Equation (5) gives the time rate of change of 
a function of the moisture content and its spa 
for particular sets of boundary conditions if I 
known. Normally the integration will have to 
mation or iterative procedure. Gardner and 
solution for horizontal movement for the cast 
approximated by an exponential function of m• 
developed a series solution applicable to sevE 
vertical flow. In general terms the results, 
experiment, are the following: ( l) Moisture 
tends to move as a fairly well defined front-­
the front; ( ?.) In horizontal one-dimensional n 
ment through media so fine- grained that grav: 
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/ 

I 

r 

' \ 

forces, the distance of an ' infiltration front from the origin increases as the 
square root of time; (3) In vertical downward infiltration, the advancing fron 
approaches a constant velocity am[ constant moisture profile; ( 4) A slug of 
moisture having penetrated into the medium by infiltration from a saturated 
surface thereaft er diffuses outward into the surrounding drier regions and 
also m oves downward under gravity. 

The analytical tr eatment of moisture travel in unsaturated media .istha 
complicated by the fact that there may be hysteresis in the suction curve, 
is, equilibrium suction at a given moisture content is normally greater (S 6 
when the medium i s being drained than when it is being wetted . Youngs t;r•· 
has studied analytically and experimentall y the flow of moisture when hys us 
is present. During infiltration the effect of hysteresis .is not apparent be~l:W 
the medium is being wetted only. However, when a slug of moistu~e LS aat'es 
to redistribute, a "step" forms in the moisture profile. Figure 1 Lllust\th 
nature of moisture profiles during infilt ration, and upon red istdbutt·on ~of i 
hysteresis. If the medium is of uhiform grain size, a small imttal dept diU 
n ' ' ' tened rne 1 trat1on may remain almost stationary b ecause the slight! y mo1s diurP 
has a greater affinity for its own moisture than does the adjacent dr y me 

Soil .MoiSture 

cover w The amo.unt of deep percolation to be expected through a dump than 
depend primarily on the us e to which the area is subjected and on the dep n co 
c . . f h ve bee omposLtton o the cover material, Houses and industrial plants a nee• 
structed on shallow completed llia:n'dfills, but usually pile foundations are d .,.at 
sary to avoid damage due to unequal settl ement and it is possible that la~ay 
in the gravelly areas of the San Gabriel Vall ey and San Fernando Va lleY orl<· 
be great enough to justify the expense of e laborate and deep foundation wch es• 
LandfHli surfa,es are suitable for parking lots and outdoor theatres; s~elY av 
tabtishm t 'f · d 

0
mple ts 

ens, 
1 

paved and properly graded for drainage, waul c td a 
percolation through the refuse. Any buildings or other construction ~o~he irP' 
reduce the opportunity for percolation to the extent that they increase 
permeable surface area and enhanced lateral drainage and runoff. 

hich Irrigated a · l . . . 
1 

nd use w · s 
. gnc u ture 1s probably the most sign1f1cant a ma1n m1ght result · l face re 

ln ·arge amounts of deep percolation. The soi l sur off. uncovered 1 1 d 
0 

run . e 
M ' eve e • and cultivated, so that there is practically n rnpt'" ost of the sea 1 . . h con su 

. sana prec1p1tation occurs during the winter w en f re be use IS at ami · h re o ·t 
v b nunum and the storage capac ity of the soi l must t e main"'' 

9 
ery su stantial if all f h . , · to re ce 

in de ths . . . 
0 

t e ra,nfall m even an average year 1 ~ . ation ne 
S p at whtch •t •s available to the crop In addition, the trng 

1 
OO perce ary to suppl h · r ·t 

eff' . y eavy consumptive demand s of the summer is neve the so' 1c1ent. Some f · · d from 
and ractlon--up to 41 percent--is never a bsorbe 

el(entuapy contributes to deep percolation. 
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Land on which native brush and weed growth is allowed to remain will 
exert somewhat lower consumptive use than a field crop because of being less 
thickly covered with vegetation, However, brush can effectively remove infil­
trated moisture from a greater depth of so il and the amount of precipitation 
whi c h passes below the root zone is of the same general magnitude for both 
sown grasses and native growth. From bare soil the only water loss other than 
runoff is evaporation, whi c h takes place only within the top foot of soi l and is 
much l ess than the consumptive use of plants. About half of the infiltrated 
precipitation on bare ground will percolate to the .water table. 

The surface soil or cover material influences the amount of deep perco­
lation principally through its capacity to store water, As precipitation falls on 
a dry soil, it penetrates as a sharp front and, V{hen infiltration ceases, the 
moisture profile shortly assumes the form of a surface layer having a moistu·r e 
content near! y constant with depth, while the soil b eneath remains practically in 
its original dry condition, The more-or-less definite moisture content to which 
the surface soil drains is known as its "field capac ity" ; actually the soil con­
tinues to·drain, but at a very slow rate b ecause of the reduced hydraulic con­
ductivity at l ow moisture content. All of the water stored in the soil root zone 
at field capacity is not avail abl e for consumptive use by plants because at a 
certain moisture content, termed the "wilting point", plants can no longer 
extract moisture. Approximate field capacities and wilting points for several 
different soil textures are given in the following table : 

Type of Soil 

Fine Sand 
Sandy Loam 
Silt Loam 
Clay Loam 
Clay 

Field Capacity Wilting Point 
inches water /foot soil 

o. 5 o. 2 
1.7 0.5 
2. 5 1.0 
3, 3 1.4 
4. 5 1.7 

Water which percolates below the root zone can move upward when the 
surface layers dry, but only very s lowly. Similarly, it wi ll move downward 
appreciably only when driven by more water d escending from above. Years 
may b e required for a particle of percolating moisture to reach the water table, 
but if there is sufficient water applied annually to force some moisture past the 
root zone, there will be some downward flow. The movement will be fairly 
rapid following periods of h eavy infiltration and very slow during dry periods; 
the flow will .become more steady:. at greater depths, however, because of the 
fact that capillarity tends to move moisture from we!ter regions to dr.ier ones 
and thereby l evel out the moisture content. 

The moisture storage characteristics of dump covers may be limited by 
a shallow depth of cover , Normally only one or two feet of compacted material 
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would be used and a considerable part of this has been observed to sift down 
into the refuse. However, refuse 1ts e \f has s1gm 1can mol h 'c . · 'f' t · sture holdmg ca-
pacity and the top layer, espec 1all y, emg a1r y acces ' · 'te . b · f · 1 s 'b\e to atmosp en 
oxygen will tend to compost mto an a sor en umus. b eater . b b t h It is therefore qu• 

' f h f fuse may e gr possible that the moisture holding capacity o t e sur ace re . d 
than that of the cover material, particularly if the l atter is native san · 

Water Balance 

. th amount of It is possible by means of .a water budget to est1mate e . ration 
. . . f d · the filhng ope water wh1ch Wlll enter a refuse flit from the s ur ace unng . 'tation 

and after compl etion. The only significant sources of wa:er are pr~c~i1\l be 
and irrigation; it is assumed that all present and future f1lls can an the refus 
grajled so that surface runoff from adjacert areas does not flow acroshs ugh 
. . t phere t ro f1lled area. Water may be removed from the f1ll to the a mos . any 

evaporation and transpiration. The excess of the water applied durmg rface 
period over evapo•transpiration may be stored to some extent in the su r sus-
layers, but any water which passes below the plant root zone IS und . no Ionge 
ceptible to appreciable surface loss es, and wi ll eventually reach the ~r.:dicious 
water table. On reasonably fine-textured soil, it is possible, throug J h pro-
. . . . l t' but sue ·•rngation pract1ce, to avoid large amounts of deep perco a 10n, ter is 
cedure will result in the gradual accumulation of salts in the soil as w_a rigated 
1 b · · . ff t on the 1r ost Y evapo-transp1rat1on, In order to avo1d adverse e ec s occur. 
crops it is therefore necessary that some l eaching b e low the root zone 

t ranges Precipitation: The normal annual rainfall in Los Angeles Coun ygistered 
from about 10 inches to more than 30 inches the hi gh er values being re thlY pre 
i th · ' · urn rnon e n e mounta1nous regions. Figur e 2 shows average and maxlm ual pr 

. . . . for ann ! c~p~tat~on recorded at Azusa, and also the frequency distribution . because 
0 

ClpltatlOn, The average annual rainfall at Azusa is about 20 inches, hat for 
the proximity of the mountains this value is somewhat greater than t ·ees l'l'ligh 

t I · · ' · sal St mos eve\ reg10ns 1n the San Gabriel Vall ey in which refuse dlspo 
conceivably be located. 

cali-
. The month\ Y distribution of rainfall follows the typical Southern onthS of 

forn1a patte • ·nter rn y 
rn; nearly all of the year's rain comes during the wl of JV!a !i 

December thr h M h h months 
0

nt 
oug arc • Even the maxima recorded for t e f ur-l'l'l through Augu t is a 

0 
cu· 8 

are very small. In even the wettest years there ·ts ac summer per· d d · . . to Jose 1 
10 

ur1ng wh1ch the soil has adequate opportumty 
mutated moisture by evapo-transpiration. 

frO(!! Eva t · . sphere rte . po- ransp~rat.on: The amount of water lost to the a trno selY co 
a g•ven land area d d . d i s cto 'tY• 
lated ' th . . epen s on the type of so il and vegetation an . d veJoC1 Wl chmatlc fact h . . d w1n the Th ors sue as temperature humldlty, an once e consumptive u 1 ' · table. 

1 
ss 

soil h d . se a so depends on the amount of water a val ·able 0 
as n ed throughout the depth of the root zone, no more apprec• 
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)\, 

t of soil can occur. The transpir ation rate of planl's is relatively i.ndepenien 
motsture content until the latter approaches the wilting pomt. 

been 
T 

a l crops haS rd (7) he mean consumptive use of several common !oc ces Boa 
estimated in Bulletin No. 2 of the California State Wate.r Resour 
For the Los Angeles interior region these are as follows: 

Estimated Mean Consumptive Use, ft/Y,!... 
Citrus & 

·cal 
Orchard Walnuts ~ Alfalfa 

~ --
1. 4 Applied 

2. 3 2. 5 1.5 1.6 
l.Z Precipitation 1, 3 1.1 1.3 1.3 
z.6 Total 

3. 6 3.6 2,8 2. 9 

ss as Table I gives the monthly consumptive use of alfalfa and gra 
determined from several sources . 

Month 

J anuary 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Season 
Year 

Los 

~ 
Monthly Consumptive Use, Inches 

Alfalfa 
Pasture Angeles San Joaquin San Joaquin (a) 

Delta (b) Delta (b) 

o.s 
(0. 7) 1.0 o. 7 
( 1. 0) 1, 2 ), 0 
1.2 2.4 z. 0 3, 3 
3. 6 3,0 4. 3 6. 7 
4. 8 3. 0 5. z 5,4 
6. 0 3. 0 5. 5 7. 8 
7, 8 3.0 5. 3 4. 2 
6. 6 3. 0 z. 9 5, 6 
6, 0 2. 4 z. 8 4.4 
2. 4 1.8 ), 4 

( 1, 2) 1.2 o. 7 
(0. 8) 1.0 

37.4 
38, 4 

42, 1 26. 0 
Parentheses indica . of 1}1 
References: a te eshmated non-seasonal use, ·ce (S),Data 

(b) Califo! ) Israelsen: Irrigation Principles and Practl 

27 

(
9

). 
(c) Catifornta Department of Public Works, Bulletin No. 

44 

(!O). 
nla Department of P.ublic Works, Bulletin No. 
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Native brush and weed s in Southern California use soil moisture while 
it is avai l ab l e in the winter and spring and then die or remain dormant until 
the following rainy season. Their annual consumptive use is therefore equal 
to the precipitation minus any water which percolates below the root zone 
during periods of exceptionall y wet weather (11). 

Evaporation from the soil may be quite rapid when the surface soil is 
moist, but is greatly retarded after the top inch or so becomes dry, and practi­
cally no evaporation occurs at depths greater than about eight inches. Because 
the surface soil moisture condition is so heavily dependent on the distribution 
of rainfall, any estimate of monthly evaporation must be associated with the 
assumed or predicted precipitation . . Reference ( 11) li sts the following depths 
of evaporation measured between October and April in Southern California, 

Place 

Anaheim 
Ontario 
Ontario 
Glen Avon Hts, 

Table II 

Measured Evaporation in Southern California 

Soil 

Fine Sandy Loam 
Sand over Silt Loam 
Sand 
Loam 

Precipitation Evaporation 

12, 4 
11. 5 
12. 8 
12. 2 

(inches) 

6. 0 
4. 7 
6. 8 
8, 1 

The evapor.ation in these measurements was rough! y half of the precipitation; 
this observation has a lso been made in the ASCE Hydrology Handbook ( 1 2). 

Evaporation rate measurements made on field plots have occasional ly 
been reported in the literature. Veihmeyer ( 1 3) obtained only 3, 5 inches loss 
fro"!' bare soil sheltered from precipitation for four years at Davis, Calif. 
Veihmeyer and Brooks ( 14) and Richards et a l ( 15) have observed evaporation 
following irrigation of bare soils; in both bases about two inches loss developed 
in 60 days, with the greater part of this occurring within 20 days. Evaporation 
from land surfaces during any period of dry weather is therefore limited to 
about two or three inches. In periods of frequent rainfall the evaporation rate 
may be much greater , particularly where the holding capacity of the surface 
soil is large enough to provide a contin~ous supply of evaporable moisture b e­
tween storms. 

Balance: Table III and Figures 4 and 5 indicate the water budget of 
refuse-fi ll ed areas under various assumed conditions. The quantities and di s­

pet· tributions of the various additions and withdrawals were estimated as follows: 

Precipitation- -For average rainfall, 20 inches was used, distributed 
as shown in Fi.gure 2, or according to the monthly average at Azusa. In 

-13-
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estimating effects during a wet year, a total precipitation of 170 percent of 
average was used, or 34 inch es . This would be exceed ed at Azusa in only 10 
percent of all years. Its monthly distribution was taken as proportional to the 

average monthly distribution. 

Evapo-transpiration-- The annua l cons urrtpti ve us e of irrigated grass 
is estimated at 36 inche s , w hi ch i s inte r m e d iat e b e tween th e 3 2 in ches found 
for Bermuda g ras s (T abl e I) a nd t he 4 3 in ch es estimated by the Califo1·ni a 
Wa to1· Re sollrce s Board for irrigated pastllr e . Its monthly distriblltion has 
been taken as that shown in Figure 3, which h as ordinates approximately pro­
portional to the measur ed values for Bermuda grass l i s ted in Table I, but 

smoothed out slightly . 

Na tive brus h and weeds were assumed to llSe water at the same rate 
as irrigated grass during that portion of the year in which there i s soil moistu 
from precipitation at some level above the wiltin g point. Cons umptive use 
throughout the remainder of the year was t a ken a s zer o. 

Evaporation from bare soil was assumed to proceed as indicated in 
Figur e 3 . The distribution was prepared from a chart prepared by Meyer 
( 12, p. 132) which gives monthly e vapor a tion as a function of precipitation and 
mean temperature. Temperatures used were mean values tabulated by the U. 
Weather Bureau for Pasadena, California. The total year ' s evaporation is ind 
cated to be 10.4 inches for a 20-inch yearly pre cipitation, and 15 . 8 inches for 
34 inches of precipitation; the ratio of evaporation to precipitation of about 50 
percent is in agreement with the values of Table I. To allow for reduced evap 
ration opportunity from the permeabl e cover materials und er cons ideration, 
coefficients of 0. 6 and 0. 8 for fine sand and sandy loam, respectively, were 
applied to the monthly values shown on Figure 3. 

In the early years of a dump' s existence the evaporation may be quite 
high because of the high temperatures occurring in decomposing refuse. The 
data of Merz shown in Figure 6 indicate evaporation of over 40 inches per yea 
unde r conditions where moistur e was c ontinuously b eing applied. However, 
decomposition must eventually cease , and at that time the evaporation from a 
fill surface having a cover thicke·r than about one foot wi ll be the same as that 

from equivalent soil not underlain by refuse. 

Irri gation--It has been assumed that irrigation water would be applied 
to the grass surface as needed to sat isfy the consumptive requirement. Sorne 
loss of the water to d eep percolation is unavoidabl e b e cause of nonuniformitie 
in depth of application, depth of p en e tration, di s tribution of roots , etc., and 
los ses will c l early be the greatest in coarser soils which have low moisture 
~etention capacity and permit mor e rapid movement, Experiments mentioned 
In Davi s (16, p.804) indicate percolation los s of 12 percent in silt so il s up to 
25 percent for coarse sandy soils. Herein a los s of 20 percent has been assu 
for sandy loam, and 30 percent for fine sand. It is exp ected that the grass w 

-14-
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be irrigated when the root zone soil moisture content has been reduced b y trans ­
piration to 30 percent of the holding capacity between wil ting point and fie l d 
capacity. 

Soil Characteristics- - In order to estimate percolation loss which wou l d 
be conservatively high, the water balance was carried out on soils of re latively 
low moisture holding capacity . These were fine sand a n d sandy loam having 
the following field moisture limits: 

Fine Sand 
Sandy Loam 

Fie ld Capacity Wilting Point 

o. 5 
1.5 

(inches I foot ) 

0 . 2 
0. 5 

The effective depth of the root zone was taken as one foot for the irrigated grass 
and three feet for native brush and weeds . On bare earth it was assumed that 
moisture perco lat ing below a depth of nine inches would not be susceptib l e to 
evaporation. 

The estimated values for annua l deep percolation range from about 20 
inches for wild brush on sandy loam soil to about 36 inches for irrigated turf 
in a year of exceptionally high rainfall. Percolation is considerably lower 
during average rainfall years and woul d be l ower sti ll if the root zone were 
deeper and composed of more fine l y textured soi l. For the conditions assumed , 
storage of water in the surface soil has an almost negl ig ibl e effect toward re ­
ducing percolation losses. B laney (11) has observed that at least 19 inches of 
seasonal rain must fall on native brush before there is any deep percolation 
and that in coarse soil some percolation is obtained through grass and weeds 
after 10 to 12 inc lies of rain has fallen . However , the soils on w'hich those 
experiments were made were a ll much finer textured than the sand and sand y 
loam considered herein as represent ing probab l e types of r eadi l y ava il ab l e d ump 
cover materia l ; a l so the root zones for brus h and weeds extended much deeper 
than the one and three feet suggested herein for grass and sparse brush res­
pe c tively. 

The amounts of percolation estimated by the water balance are conserva­
tive l y high. They would be great l y reduced by an increase in assumed soil 
mo i sture storage capacity and, in particular, either by increasing the effective 
depth of the root zone or by increasing the moisture r etention c haracteristics 
of the material composing the root zone. Whi l e the root zon e of turf grass 
could hardly be expected to extend itsel f appreciabl y below the one-foot depth 
assumed, p lants such as brush and trees produce roots down to 15 feet or more , 
and the suitability of decomposed refuse as a growing medium therefore becomes 
an important question. 

There are literature references concerning the suitability of completed 
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Annual Leaching Requirement, inches 

Precipitation 
Evapo-transpiration 
Leaching Requirement: 

Well Water Irrigation 
Colorado River Water 

Alfalfa 

20 
43 

1.9 
3. 7 

Grass 

20 
36 

1.3 
2. 6 

The amount of required leaching is very nominal, therefore, provided irri­
gation water of reasonably good quality is available. Occasional excessive 
rainfall and irrigation loss.es will normally be more than sufficient to take 
care of the required leaching, unless special measures. are taken to prevent 
deep percolation. The minimum leaching requirement represents a long-term 
average value for the deep percolation which must be permitted if the surface 
soil is to remain fertile. 

Infiltration and Percolation 

In the previous sections it has been assumed that all water supplied to 
the surface of an unpaved refuse £ill would penetrate and descend, unless re­
moved from the soil by evapo-transpiration. This will generally be the ·case 
where irrigation is practiced to intentionally wet the surface soil, but, depend­
ing on the topography and infiltration capacity of the surface and on the intensity 
and duration of the seasonal storms, some fraction of the incident precipitation 
may instead run off. Furthermore,. percolating moisture may be intercepted 
at any depth by an impervious layer and deflected laterally. Occasional slugs 
of moisture entering a fill will tend to spread themselves out as they move 
downward, so that they reach the bottom of the fill gradually over a much 
longer period of time than that of the original infiltration. These transmission 
phenomena are all determined by definite properties of the refuse, cover, and 
surrounding earth. 

Infiltration: To estimate the average infiltration and runoff fractions of 
the incident precipitation it would be appropriate to prepare a distribution curve 
of the net rainfall with respect to intensity. The construction of such a graph 
is illustrated in Figure 7. Once drawn, the curve would give directly the pro­
portion of any year's prec ipitation which could be expected to penetrate a surface 
of given infiltration capacity. When using the curve, the average infiltration 
capacity would have to be selected slightly greater than the steady state mini ­
mum value, because absorption can be large at the beginning of isolated storms 
when ~he ground is still dry. However, since the usual rainfall pattern in 
Southern California is not of the cloudburst type, the initially high infiltration 
capacity will not often be utilized and the steady state infiltration capacity 
should be c losely representative of the average. On large fill areas an allow­
ance might also be made for a small amount of excess rainfall, temporarily 
stored on the surface at the end of storms, which infiltrates before it can runoff. 
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Another approach toward estimating average infiltration is illustrated by 
Figure 8, The upper graph shows rainfall intensity distributions which wer·e 
observed at Edwardsville, Illinois, over a one-year p er iod (20), They are differ­
ent from the curve suggested in Figure 7, since th ey represent the distribution 
of total :t:ainfall with respect to intensity, not that of the net rainfall in excess of 
infiltration at the indicated ·intensities, The lower curves were empirically 
prepared ff r '.o rth .:Cit}r, of Los A<mgeQes mal:ia,, and give infiltration rate versus 
precipitation intensity for surfaces of various p_ermeabilities (21), By dividing 
the frequency curve into intensity groups, determining the percent infiltration 
for each group from the lower graph, multiplying the percent infiltration by the 
fraction of precipitation fa lling in each group, and summing, t h e total infiltra-
ted fraction is obtained, Proceeding in this way with the total year's rainfall 
curve at Edwardsville, the infiltration would be 90, 75, and 50 percent of the 
r ainfall, respectively, for sand, loam, and clay, However, the corresponding 
results when the low-intensity type rainfall curve of January-April is used are 
97, 90, and 60 percent infiltration for sand, s ilt, a nd c lay, It is clear that 
where . an appreciabl e fraction of the rainfall comes at high intensity, the infil­
tration through a refuse fill can b e greatly reduced by using a fairly imperme­
able cover, and providing adequate surface drainage. Unfortunately the 
steepness of the rainfall intensity distribution curves in the intensity range 
corresponding to usual infiltration rates makes it necessary that the distri­
butions be determined with considerabl e accuracy and from data taken in the 
locality being investigated, 

The infiltration rate into a medium kept saturated at the surface (infil­
tration capa-city) is determined by the structure of the surface l ayer which 
actuall y contains percolating water, Free et al (22) measured infiltration rates 
on a large number of different field soils and conc luded that the most important 
factors tending to promote infiltration were the non-capillary por~sity and 
organic content of both surface soil and subsoil (non-capil(ary porosity is the 
fraction of air-filled voids in a porous medium at field capacity), Density and 
clay content of the subs~il were the most important characteristics tending to 
retard the infiltration rate, The rate values measured during the third hour of 
saturation of previously dampened soil ranged from nearly zero to five inches 
per hour, Musgrave and Free (23) had earlier noted that infiltration rates de­
crease with increasing soi l moistur.e content and that a cover of c lose vegetation 
(alfa lfa and bluegrass) permitted nearly double the rate on otherwise equivalent 
bare ground, 

It has a lr eady been noted that the infiltration rate from saturation into 
a relatively dry soil decreases with time, Various formulas have been pro­
posed to describe the infiltration rate curve , Horton ( 24) has suggested the 
expression 

(7) 

where i is the infiltration rate at any time t, i 0 and im are the initial and ulti-
mate rates, respectivel y , and is a constant, Swartzendruber and Huberty ( 25 ) 
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have compared ·several proposed infiltration formulas, and have found that for 
a short-term measurem~nt, the expression 

AtB (8) 

is as simpl e and accurate as any. Philip (26) obtained the following formulas 
as an approximation to his solution of the differential ·equation of unsaturated 
flow for infiltration conditions: 

. + B 
lm vr (9) 

Both Philip's and Horton's formulas represent the infiltration rate as decreasing 
asymptotically to a final value greater than zero, However, Philip conc lud ed 
from a comparison of the various expressions fitted to actual data that Horton's 
formula was not very satisfactory in following the ini~ial sharply curved portion 
of the curve, In any case, the quantity of principal interest in estimating aver­
age infiltration is the final minimum rate, im. If the time required to sub­
stantiall y attain the minimum rate were large; the average infiltration rate 
might be appreciably higher than the minimum, This period may vary from 
a lmost zero where an antecedent storm has soaked the ground, to over an hour 
for certain soils in an initially dry state, 

While the grain size and composition of a cover material have a pre­
dominant effect on infiltration rate, several other factors a ls o influence the soil 
structure to a marked degree; for this reason it is not possible to accurately 
predict the rates which will be 'l'eal ized on a given area. Raindrops themselves 
falling on bare soil tend to compact the surface layer and wash fines into the 
l arger pores, thereby effecting a rapid reduction in permeability. c·Most impor­
tant is the effect of vegetation; the growth of roots creates lar ge pores and pro­
motes the aggregation of soil particles. Foliage protects the surface against 
the impact of drops and encourages the formation of a highly permeable surface 
l ayer of humus, It also retards surface flow velocity, so that the washing of 
turbidity . is minimized and the time of water retention on the surface is in­
creased, The one-hour infiltration rates for three general groups of soils 
are listed in Reference 12 as follows: 

Table IV 

Soil Infiltration · Rates 

Group 

High (Sandy; friable silt loam) 
Intermediate· (Silt loam and light c l ay 

loams) 

Low ( C l ays; heavy soi l s) 

-27-
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. r ermeable In the spreading of sewage effluent on ve Y P . for 
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1 clogging by suspended solids (27), 

it has. e 
t Azusa, despll sand a or rnore 

30 days 

The range of "cover factors", to be 
bare soil, is also given in lteference 12: applied to the above ra 

tues for 
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Cover 
Type 

Grass 

Close Growing 
Crops 

R.ow Crop 

Infiltration Cover Factors 

Condition* 

Good 
Medium 
Poor 
Good 
Medium 
Poor 
Good 
Medium 
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large difference i n the two gradings). If water is applied more rapidly than 
the fine- grain infiltration capacity, either the upper layer will eventually be­
come completely saturated, or water wil l flow off l aterally. 

A question preliminary to that of defining the behavior of moisture 
movement through refuse is to what extent the refuse resembles a normal 
porous medium. As deposited in a fill, it is extremel y non-homogeneous, 
since lar·ge l oads of predominately one material or another are constantl y 
being deposited and do not receive appreciabl e mixing. Aside from the vari­
ations in composition within a dump, it is not certain that moisture movement 
obeys the same laws therein as those known to b e suitable ::{or granular media. 
It seems probab le that refuse in general, and in particular combustible rubbish 
as it is normally coll ected, will have pore sizes distributed about two vastly 
dtfferent orders of magnitude. These wi ll be ( 1) the interstices of the indi­
v idual objects which compose the rubbish, namely paper, plant tissue, textiles, 
and other porous ingredients; and (2) the much larger voids scattered among 
the conglomerate of the component objects. The finer pores wi ll exhibit the 
phenomena associated with capill arity- -r etention of water, transmission toward 
decreasing moisture content in all directions, and low hydraulic conductivity. 
The large voids wi ll behave either as channel s or air pockets, depending on 
whether they are or are not interconnected. If the foregoing hypothesis is 
correct, refuse should behave as a fine- grained porous medium until the small­
scal e pores in any portion of it become saturated. At this point there will b e a 
large apparent increase in hydraulic conductivity as water begins to fill the 
large void s and flow through them. 

Prevention of Percol ation 

The most obvious means of reducing the volume of water passing verti­
~all y through a fill is that of providing an impermeable layer at some l eve l to 
Intercept any incident moisture and divert it outside of the filled areas , or 
otherwise waterproofing. Paving the surface would probably involve the l east 
r.tsk of failure, since any flaws which might develop would be visible. However, 
the cost of paving would be s i gnificant, difficulty with maintenance due to con­
tmued uneven .fill settlement might be experienced, and paving might conflict 
with the intended use of the site. Another possibility is that of using a rela­
hvely impermeable material for the final refuse cover. The percolati:on rate 
could be greatl y reduced over that of sand, for exampl e, but careful field 
studies would be necessary in order to accurate l y estimate the actua l infil­
tration. There would be uncertainties regarding the perforating effect of roots 
and animal burrows. It is conceivabl e that with a sufficiently thick layer and 
effective surface drainage, rainwater could be entirel y exc luded. However~ 
any ir>'igated plant growth would require up to four inch es of l eaching annually 
to prevent eventual retardation due to salinit y. Mr. J. F. Furness, River 
Inspector of the Surrey County Council, England, has informed that recently 
permission was granted in that county for use of a dry sand pit as a disposal 
site, with the provision that the surface be waterproofed with c lay and sloped 
for drainage. 
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Finally, the impervious layer might be placed at the 
0 

vin the im· b ttom of the 
refuse fill . .In this location there would be the advantages of ha t~ subse· P

ervious layer bedded on firm material Which would not be hkely 

1 

were 
quently settle and roots and antmals could not eastly reac t • . errnea 

· · ·h ' t If c ay ble 
used it coutd be kept continuously moist and therefore relatively •~P pected 
at ali times, Once placed, however, a bottom coating could not be ws 
or repaired except at great expense, 
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doy. To "''"tho "'P•go, tho logoon wao dninod ond ,.t;Uod ";',,.,mont 
which was allowed to roma in until 40 inches had infil t rated. T~1h9 respect to 

. h lay wtt in tncreased t e p roport ion o£ sodium ions adsorb ed on the c ffective h 

h d been e £res tht " ' ' ' ""' "'' m• go,. lotn, Tho ' " '" dinlont ioM • . . Wh•• ••"' 
ndttton. salt k"plng tho <l•y In ' """''"' '"'''"" ' " '""blo 00 tho """ /d•Y in 

water was put back in, the seepage rate dropped slowl y as dO. 1 inch 
was leached out and the clay swelled, until it finally reache 

obout fon, '""""' · 

0

tod"' 

. n perc oati118 If a bottom lining is to function effecttvely m 10 be remove :£the . · · terceph g d C 
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· thew se ~ tho old., of tho pit., won " tho bottotn wonld "'"~ . hi io<<'
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,. of 0 
lining were at all permeable the infiltration through tt mtg g at the ra eat deP
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percolation. To minimize this possibility and also to avo• ed with a a!ld f 

. d d cover ture. ·tl o plt ••ll, tho itnp"•io"' hottotn oonld bo olopo 00 '"" td •" 

sa d d · t a sump wou 'thill n an gravel, so that all drainage would arr1ve a walls w• l 

d The ·na~e cou d be pumped to a sewer whenever .it accumulate • . h e drat 
have to be lined to a height of a few feet in order to r e tam t the pit. 

·piP! 
~'""Y of'"'"'"""'" N"dod f obi" dO 

' bi\itY o depell ·t~ 
I f 

· . . . h t the posst untY d '
1 

n ormat,on presently avatlable mdtcates t a les Co ver
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,

6

r 
d . . Ange h co l)llv "P ''"''""" lhtongh • "f"" dnm> toootod m Loo , of t ' u. ,t1 
on th h ' kn . the us ·tee dr e t tc ess and nature of the cover mater.tal, on refus e '

1 
poor ~er 

and h d f the · n we on c aracteristics of the precipHation cycle an ° · rrigatlO ' flo •iPI 
cont· d less 1 b ble. c" •nue adverse conditions (permeable cover, care y pro a r rea te· 
age) Percolation amounting to one or · two feet a year -is ver t of wat~ 'ble ra 

rn h amoun 1
1

g1 
easures designed to limit infiltration or to limit t e . to a ne g 

tho <ofo., '"f""· 'PPoo, "P>hlo of <odnoing po<oolot.on f ,ff•'" •' 
Th 

.- ' d t appra' the rn ·oil . sal o oist~ e Prlncipal types of data lacking for a conft en f se are ·pitatl 
assoclated With the vertical movement of water through r e .u n of prec• 
transmission characteristics of the refuse and the infiltrattO 
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in the vicinity ot proposed dump sites. The specific evaluations to be obtained 
are the fo !lowing: 

A. Capillary Moisture Properties 

1. Suction-moisture content curve of combustible or mix ed rubbish, and 

2. Capillary conductivity and diffusivity of rubbish. These data should 
be obtained in the laboratory and replicated in order to compensate 

for non- homogeneity. 

3. Moisture holding capacity (fi e ld capacity) of rubbish in its Ol'iginal 

and decomposed states. 

4. Moisture profile within a bed of rubbish during infiltration, including 

observation of its uniformity. The d a ta of Items 3 and 4 would be 
most meaningful if obtained from a ctual fill s or poxtion s of f ills, 

with control l ed moisture application. 

B. Infiltr ation 

l. Determination of rainfall intensity distribution from gauges lo cated 

as c lo se as possible to likely sites. 

2. Infiltration capacity of types of cover which might conceivably be 
used or proposed, and quantitative evaluation of infiltration actually 

realized throu gh various cover types . 

C. Miscellaneous 

1. Suitability of rubbish as a growing medium for diffexent plants, and 

effective depth of root zones. 

2. Trial us e of impermeable layers and drainage systems to intercept 
percolating water. Studies should be performed in pilot plants or 
in sections of full-scale dumps where water is availabl e. 
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tances 
. a nic subs colatillg 

. ic and morg ll y per ·!l be Freshly deposited r efus e contatns organ horizonta ·als wt 
Whkh "" bo lo<ohod ooc immodi.,oly Y "' of ouoh m f"'"'" b tically or atert t 
water, However, as decomposition proceeds, mor e tinuo us or !luting ·d d 

b . cted to con ·ch po "' e 
pro uced or liberated, If the refuse is s u Je t at wh1 b n diD l 

· . . . t 1 the ra e f car 
0 

eachtng, the rate of dec omposttton wtll con ro d xtent o the de-

b · Th rate an e d to su stances are extracted from the ftll. e . ctl y r e late 
production ar e of cons·iderabl e interest and ar e dtre 
composition process, 

B< o k Cooot do,. <to oo <h<O "' .,;o 
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The natural d ecomposition of orgamc refu rganisms cess 
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. d out org 
. se is carne use the f con· 

agency of bacteria and other micr o-or ganisms. The 0 

8 

The pro cal r e· . 

matter as food, converting it to their own ce s gh bioc h en"' tiOP 11 ubstance · h ertll ·ron 
· 1' ed throu ·n t e ira verston r equ~res chemical ene rgy; this is supp 1 . resent 
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CH 

l/ 2 (a- 3c ) 
1
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0 

0, N, 'I /4 (4 ... 2b. 3o ( .Oz- - CO z > . ,,gY· Yt ""'' 

I h curs as o ous, wl n t e absence of mol ec ular oxygen, respiration oc . numer hell a 

(10) 

ther e bU ·de t

. . tlon are ts w lY reac tons , The products of such anaerobic respua oduC ' ·pal 
can serve a s food stuffs for other organisms and t e . are pr 

h final pr inC1 variet f · f entatton, Y 
0 

organt s rns are participating in the erm 
methane and carbon dioxide gases: 

Anaerobic Respiration 

CHa 
0

b Nc + 1/4 (4-a-2b+3c ) H2o ·-· l/8 (4 - a+2b+ 3c ) COz 
+ 1/8 (4+a -2b - 3c ) CH4 + cNH3 

(til 

Jll9 
. ill ter a!li 

obtC usu 
An b' · ff ' · nt than · rna · til 9• aero t c resptrations are con s iderabl y less e lCle d rgan tC gall
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s nee the aer tter; iS 
of th me 0 · or 
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an of th d' · · nall y P · ne • e r ea tly decomposable organic matter ortgt ment
10 converted to the aerobic or anaerobic respiration products 
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The organic matter of refuse contains a small percentage of nitrogen, 
which enters in the reactions of decomposition and in fact is netes sary for thS­
life processes of the organisms . As fermentat ion proceeds th e nitrogen is re ­
leased to the environment, where it is avai l ab l e for reuse by other organi sms . 
Under anaerobic conditions, the re l eased nitrogeh is in the form of ammonium 
sal ts, but if free oxygen is availabl e some or a ll of the ammonia nitrogen may 
be oxidized to nitrate and its predecessor, nitrite . 

Initiall y refuse contains mineral substances in quanti ti es usuall y small 
compared to the organic content. These substances may be of varying degrees 
of so l ubility , ranging from virtuall y zero for earth and rubbl e t o readi l y 
sol uble sa lts, such as chloride and sulfate . Th e sal ts may b e deposite d ·on the 
surface of refuse partic l es or entrapped, for example, within the ce ll s of 
vegetabl e matter , The superficial solubl e substances can be l eache d out of the 
refuse at any t ime , but the inte r nall y he l d sal ts can onl y escape by s l ow dif ­
fus i on o r be re l eased when their organi c containers decomp ose away, Ce rta i n 
substances , such as cal cium carbonate and iron me ta l or oxid e , are inso l ubl e 
at high pH, but are easil y disso l ved in acid, Thus , if the carbon dioxid e from 
~erobic or anaerobic respi ration accumulates to any extent, perco lating waters 
tn which it disso lves will become ac i d and begin to disso l ve any acid -sol ub l e 
substances present in or beneath the refuse . 

Some of the organic respiration products are sol ub l e and may be l eached 
out of the refuse, a long with very fine, suspended organic particles. After 
l eaving the refuse , such material s wi ll normall y be surrounded by sufficient 
oxygen to permit their aerobic breakdown. Decomposition processes therefore 
need not be confined to the fi ll itse l f, but may continue in the adj acent ground 
and water , taking up oxygen and producing carbon diox ide , 

Composition of Refuse 

The material being deposited at present in Los Ange les County land fi ll s 
l S most l y combustible r ubb ish; that is, re lative l y dry substances which can be 
)Urned, In 1956, the Los Ange l es County Sanitation Districts ( 19) estimated the 
)er capita production of combustibl e rubbish at 2, 1 lb/day, with garbage and 
lOn-combustibl e rubbish each at O, 5 l b/day, a ll subject to routine coll ection. 
'lll additional 0 . 5 lb/day was allowed for material s, combustibl e and non ­
: ombustibl e, not subject to routine coll ection. Garbage collected separatel y is 
lormall y fed to hogs , and a large part of the non-combustib l es coll ected sepa­
:ate l y is salvaged so that onl y some fraction of the collected amount of these 
;ubstances ever reaches the large r efuse fi ll s . However , recent trend s have 
>een toward the combined co ll ection and buria l of a ll oi th ese several categories 
>f refuse in one sing l e effort . 

Physical Composition: Probab l y the most practical means of charac ­
erizing a given refuse to distinguish it fr o m that being coll ected or deposited 
omewhere else is by defining its physical composition , In thi s sense there 
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. turn 
. theY 1n . mponents' e as are only a relatively limited number of maJor r efu se co 'f ·ng r !"fus ieS 

d . · t c l ass~ Y1 tegor 
have a limited range of characteristics, In ad 1hon ° . these ca 
garbage, combustible rubbish, and non-combustibl e rubblsh, 
can be broken down. into the materials they comprise. 

f co.l· 
mplings 0 was Table VI li sts the re s ults of two reasonably large ~a . Di s trictS 

. h s 'tahon on lected rubb1sh, The summer sample r eport ed by t e am . data was in 
r es.identiat combustible rubbish, whereas the ASCE Commlttee differences ceo 
material of whatever nature delivered to a dump. Some of the in so';lr La 
volume percentage composition can be attributed to this differenc':ner the~ i 
but the .major variance is due to the differenc e in season. In su~ O percen 
·materials amounted to 60 p ercent b y volume, compared to abou rcent 1n • 
winter. Paper products were 64 p e r cent in winter, but only 34 pe r apid d~­
S·ummer. Of all the substances li~t e d, the only ones susceptib l e to \ e of co 
camposition are the vegetation and garbage. For th e summer samP 
bustibt e rubbis h., these amounted to 64 percent by weight. 

Table VI 

Physical Composition of Rubbi sh 

Jutx: 1954 ( 19} 
%by .Dens i ty %by Weight lb/ cu yd Volume 

64 
Paper and Cardboard 

30.2 250 34 
Rags 

1. 0 185 1 
)0 

Vegetation - Small 
21. 7 565 11 • Large 
42.4 240 49 )4 

Wood 

1. 9 185 3 
Garbage 

o. 5 
!Z 

Miscellaneous Combustibl e 
1. 3 Non-Combustible 

_.!.:.Q 390 -)00 1oo. o 100 d 

~ Ro£.,,." "' Co..,'' S<nifaf!oo "'"''"' of Loo Angol " Cooofy, ,, 
Refus e Disposal (1 955). . ~ Rese r!l Reference 31: A s . · eenn,., A 

m. oc, C1v, Engrs., Comm. on Sanitary Engm proC· 
"Refuse Volume Reduction in a Sanitary Landfill" . 
Soc. Civ, Engrs,, 85, No.SA6, 37 ( 19 39 ). rn 

The c · · . more no e pbY rtlle 
1 

. . 

0

~P08lhon of r efus e collected in urban areas m . es til 
· atltudes lS very different frorn that of Los Angeles Tab le VII g

1
vwatford• cat com · · • m }le 

E t POSltlQn of hous e refuse from New York in 1940 ( 32}, fro 34} r £ 

,:! ~od •boo£ 
1

955 133) , ">d hom M<noho "", Eog1•od in 1 93 Z I m;""" : .. 
f' . pd es exhlbit similar trends, and differ mainly in the relative a ty re!U lne ust and cind h coun 

era t ey contain. Compared to Los Angel es 
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,, 

the refuse -from colder climates contains a ;,uch larger propottion ·of garba-ge 
and much less paper and garden vegetation, Ashes and cinders form a very -
~rna!! fraction of the Los Ange le s rubbi sh since heating is done a lmost exclus -

. lVe ly with natural gas, The moisture content of the New York and Manchester 
refuse was a bout 20 percent, as compared to 45 percent for Los Angeles rubbish, 

Table VII 

Physical Composition of Urban Household Refuse 
·--···--· --------, 

New 
York( 32 ) 

'1:l 
~ OJ 
0: ~ ~ 
OJ u .<: 
u OJ on 
~ ::::- 'Qj 
p,j;;:: 

Inorganic 
Fine Dust 
Ashes 7 . 8 
Cinders 
Metals 6. 6 
Glass 6. 3 
"Miscellaneous 

Organic 
20. 7 

Fine Dus t 
Vegetabl e and 

Putrescible 
} 43, 8* Bones 

P aper 25. 5 
Wood 5, 9 
Rags 

Miscellaneous 

Total 

I 
I 
I 
; 
I 

: 
' 
! 
i 

Watford 
England( 3 3) 

'1:l 
~ OJ 
0: ~ ~ 
OJ u .<: 
u OJ on 
H :::: .,.... 
OJ 0 OJ 
p,u;;:: 

18. 1 

I 18. 2 
6. 5 
7. 7 
1. 8 

52, 3 

I 
(inc l above ) I 

22, 2 

0. 6 
20. 8 

2. 1 
2. 0 

47. 7 

100. 0 

I 

I 
I 

! 

I 

'1:l 
OJ 

0: ~ ~ 
OJ u .<: 
~ ~ -~ 
OJ 0 OJ 
p,u;;:: 

34. 6 

14. 5 
4. 2 
3. 0 
1.7 

58,0 

0. 8 

24. 3 

o. 5 
12. 5 

2 1. 
2. 7 

42.0 

100. 0 

Manchester 
England ( 34) 

1! Volatiles,% Initial bL 
~ .... 

Dry Weight 0: OJ 
OJ;;:: 
u After ... "' OJ ... 

Initial 12 mo P,Q 

43. 1 9. 1 9. 1 

18, 1 12.4 12. 4 
5, 5 0 0 
3. 9 0 0 
2. 2 0 0 

72. 8 21. 5 21. 5 

o. 5 0,5 o. 3 

5, 7 4,8 0. 5 

o. 5 0. 1 0. 1 
15. 6 14. 7 7. 4 

1 5 1.4 .1, 0 
3. 4 3.2 3. 0 

27 . 2 24. 7 12. 3 

100 46, 2 33. 8 I 
Original Moisture I 

Content: 23. 8% Collected Weight' 

* Food Refuse 

Table VIII gives the percentages of constituents in the municipal refuse 
of Chandler, Arizona, as determined by year- long sampling. Shown for com­
parison is composition of Berkeley, California, r .efuse as found in e l even 
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reas; · -ercial a truckloads from a cross-section of res1c:lential "::tnd light c omm dler refuse, 
The percentage of combustibl e materials is greater in- the C~anthe warrner 
!ll"obabty because of greater production of garden v~getatwn m climate, 

Tabl e VIII 

Phys ical Composition of Mixed Municipal Refuse 

Compostabl e Material 
Paper 

'h~ % Collected Welg ~ 
-----------r--~-~·.-f~1---rrh~nd l e J:\erkeley -~ .. ~ 

Vegetation 
Wood 
Garbage 
Fines ·• 

Ca,ns 

Other Metal s 
Glass 
Rags 

Miscellaneous 

67,7 

9.8 
o. 9 

11, 7 
1. 6 

30.0 
35 . 7 
!,8 

!2. 0 
7.0 -86.5 

5. 7 
o. 2 
4. 5 
!, 0 
2. 1 -10~ ---2:.J.. 

100.0 > Foom R<I,,.n,. 37. . , 2 

h Servlc . 
From data furni shed by P. P, Maier, U. s. Public Healt 

Lansing, pa· Tho phy,;«l oompooiuon of >ooidonli• l gO<b•g• " E•" ll•"'' •: y 
'"'''''" '" boon <opootod by M•llioon <nd Hohlooh ( 35}. Ao 

00 
onl of ' 

rately and wrapped , the average ana lysis incl udes paper at 3
3 

perc 
Weight, and water 143 percent of dr y weight. 

Angeles The average composition of non-combustible rubbish in Los 
County as given in Reference 19 is the following: 

Cans 

Other Metals 
Glass 
Rubber 
Moisture 
Other 

Density 

-36-

Percent by 

35 
10 
15 

2 

3 
35 

100 

Weight 

350-400 lb/cu yd 
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Chemical Composition: As far as effects on ground water are concerned , 
the principal interest of refus e composition is in d ete rmining the quantities of 
polluting s ub stanc es which may b ecom e a'va il a bl e , and th e rate at which s uch 
substances are actuall y liberated . A d etailed knowledge of organic compounds 
present would b e of value only if the products and rates of their breakdown were 
a lso known; this i s not the case. The activities of tfie r e sponsibl e micro­
.o r gani sms are affected by numerous uncontrollabl e facto rs and a given com­
pound m ay give rise to many products in various proportions. · It is therefore 
m~re p r actical t o s tud y d ecomposition processes directly in the heterogen eous 
mlxtures which act ua lly o cc ur. In the absence of good data, however, the 
composition with respect to c h emi cal e l em ents yields estimates of the maximum 
quantities of variou s s ubstances which could reach the ground wat er over a 
Pertod of time. 

Table IX g ives partial analyses which have b een mad e on several types 
of r efuse . Because of th e scantiness of the determinations, it is not possible 
to make good compari sons of the different material s. Their sources and physi­
cal composition are reflected in their vo l a til e · contents; the refuse of N ew York 
and Manc hester , whi c h contained lar ge qua ntiti es of ashes, cinders , and dust, 
Was less than 50 percent vo latile, whil e materials composed chiefly of combusti­
bl e rubbish were a bout 70 percent volatile . The volatile percentage of garden 
v egetation was about 8 0. 

Th e carbon analyses for combustib l e refuse materials are all of the 
same order of magnitude and from these figures it may b e c onclud e d that in 
Lo s Angeles rubbish, carbon amounts to 50-55 p e r cent of the vol atile fraction. 
Tota l nitrogen in vegetation is ab out two percent, and nearly zero in paper; 
Tabl e IX indicates that the nitrogen in rubbi sh vo lat il e s is about I. 5 percent. 

R e liab l e data which would indicate the quantiti es of minerals and minor 
e l e m e nts to be found in r efus e a r e not widely availabl e . The figures in Table 
IX for potassium s ugges t tha t dry c ombust ibl e rubbish probabl y contains about 
0

· 
5 

percent. Pomeroy ( 36 ) obtained about twice as much sodium as potassium 
from a samp l e of Long B e a ch rubbi s h Probable phosphorus concentrations 
appear to be less than 0. 5 percent . . 

Some indic ation of the magnitude of various components in mixed house­
hold refuse can be obtained from Merz's results on l eac hing through a test bin 
( 
18

). The total weight of the components leached can be calculated from the 
concentrations and volumes of percolate extracted during the 18 -month period 
of the expe riment. Whil e the concent r ations of most substances had dropp ed 
to s mall fractions of their initial values by the end of the experiment, they we re 
sti ll b e ing extracte d at an app r ec i a bl e r ate . Also, some of the volume figur e s 
are missing and th e most that can b e said about the total weights of the various 
s ub stances in the initial refuse i s tha t they were somewhat g r ea te r than the 
amounts ext r ac ted, Th e r efuse weight i s not known e ither, but assuming that 
lts initia l moisture conte nt was 50 percent a nd tha t after it had compacted 
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ihitially to a aeptll. of 5;·5 feet, - its density ·was 550 tb/cu yd, a:n approxirn·ate 
drv weight value can be obtained upon which to base percentages of extracted 
substances. The results are as follows: 

Table X 

Material Leached From Riverside Landfill* 

Substanc;e Extracted 

Alkalinity (as CaG03 ) 
Calcium (Ca) 
Magnesium (Mg) 
Sodium (Na) 
Potassium (K) 
Total Iron (Fe) 
Chloride ( Cl) 
Sulfate (S04) 
Inor ganic Phosphate (P04) 
Organic Nitrogen (N) 
Ammonia Nitrogen (N) 
BOD 

Leached Volume: (0. 21 gal/lb 
l3: 5 in /ft 

Percent of 
Dry Refuse Weight 

o. 78 
o. 16 
0.029 
0. 15 
o. 18 
o. 019 
0. 22 
0.022 
0.0014 
0. 032 
o. 072 
2. 54 

*Based on data of Merz (18), assuming dry density of 275 lb/cu yd. 

Some of the substances li sted, notably calcium, _iron, and phosphate, 
were probably present largely as combinations of low s~lubility; for them the 
extracted quantities represent only a small fraction of the total. 

Aerobic Processes 

Most sorts of organic matter are capable of being utilized as food materi­
als by micro-organisms of some description. The particular organisms which 
prevail in any small particle of d ecompos ing organic matter. will be those most 
adaptabl e to the existing environmental conditions. In a medium suc;h as refuse, 
the major sel ective factors, other than the composition of the refuse, are the 
presence or absence of oxygen, the temperature, and the moisture content. 
Whil e the simpler organic compounds can be directly assimilated by the de­
composing organisms, more compl ex materials must first be broken down by 
externally secreted enzy~es to simpler units. The respiration products of a 
partic ular organism may be or gani c compounds, but these in turn may serve 
as raw material for some other organism. In aerobic decomposition, the ulti­
m a te fate of a ll organic carbon is its conversion to carbon dioxide; water is 
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r 
also produced, Organic nitrogen appears first as ammonia, w):l.ich subsequent 
may be oxidized to nitrite and nitrate ih tlie :tesptration of certain organisms. 
It is always possible for intermediate· products to be rem:oved from a fill (by 
leaching, for exampl e), but these will continue to decompose, provided they r 
main 'in contact with organisms capable of operating on them in the new e:nviro 
ment, 

Organic matter leaving a fill with moving water can be conveniently 
m~~sured as biochemica l oxygen demand (BOD). which is the amount of o:x:yge 
uttl1zed by micro-or ganisms in d ecomposing the substahces. · However, BOD 
analysis of the solid matter composing the body of a fill would give a· smatter 
value than the amount of oxygen which the same material would ultimately con 
sume; BOD is actually the oxygen taken up under specified conditions in five 
days, and hence measures only organic compounds which are readily decor:n­
posa,ble, 

Since the different organic substances present in refuse decompose at 
various rates, it is to b e expected that in freshly deposited refuse there V<rilt 
be rapid initial decomposition activity which will decrease as the readily at­
tacked ·components become d ep leted. An investigation of the specific br ea.k­
down reactions occurring in refuse would not be practical, but qualitatiV'e t y 
lt seems apparent that the eas ily metabolized materials wil l inc lude suga:J::- s 
starch, fats, and food proteins. The slowly decomposable fraction will • 
chiefly comprise fibrous cellulosic materials. Actually cellulose is subject 
to the action of certain bacteria and fungi, but rapid decomposition of any sub 
stance requires that physically it be finely divided in order to offer a l a:J::- ge 
surface accessible to the organisms. Organic structural materials sucb. as 
wood fiber are therefore very s low to decay. 

In order to establish the maximum rate at which refuse may be e"'<:Pect 
to decompose aerobically, it is instructive to consider the resul ts of e><:pe'l:-i-
ments on refuse composting, wherein the objective is rapid stabilization.. :F'ot 
low1ng is the description of an exP.erimental composting procedure ( 37 ): "l:'he 
wood, rags, and non-combustible items were removed from Berkeley, C:a.ti_ 
fornia, municiJ?al refuse, and the remaining fraction was mechanically R:J::- 0 Und 
and spread in windrows to compost. Every few days the mater 1al was tu.2"':ned 
over; temperatures were taken frequently. In from four to eight days, t:b_e 
temperature within the heap rose to a maximum of about 165'F, at whicb. atu 
lt remained for several days and then began to drop. The compost was o:n _ 
Sldered finished and the experiments were terminated when the temperat:u.~ e 
had fallen to about 130'F. The composting period ranged from two to t~~ e e 
weeks and apparently deJ?ended on the ratio of carbon to nitrogen in the "-n:i.t: -
m· . kl . l..at lxtur e; the richer the ;refuse was in nitrogen, the more qUlc Y 1t corn..:p08 t 
Reductions in carbon and nitrogen during the process varied considerably. b:~ 
the carbon loss was general! y 50 to 55 percent, and that of nitrogen, 30 t: 0 ~O 
percent. Moisture contents between 40 percent and 70 percent mamta1neq a 
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maximum composting rate. An excessively damp mixture tended to become 
anaerobic, presumably because of reduced accessibility of oxygen to the 
interior of the pile. 

Aerobic respiration is equivalent to combustion and the same amount 
of heat is liberated during the decomposition of an organic substance as would 
result from its being burned. Heat effects in a refuse fill are of some interest 
because they influence the density of t h e refuse atmosphere and thereby affect 
gas movement. As an illustration of aerobic heat phenomena, a heat balance 
can be made using data from the Berkeley composting experiments describ ed 
above . In one particular test, the mixture had the following composition at the 
beginning and end of a six-day period: 

Percent of Dry Weight 

Ash 
Carbon 
Water 
Temperatur e 
Average Temperature 

Beginning 

24 
35 
98 
14'C 

58'C 

End 

38 
3X 
65 
68'C 

Assuming that the ash fraction was unchanged during the process, the re­
ductions in the original carbon and moisture were 43 percent and 58 percent, 
respectivel y. It is further assumed that the compounds undergoing decompo­
sition we1·e carbohydrates such as starch or ce ll ulose; th e reaction was then: 

C6 H10 05 + 6G>z 6C02 + 5Hz0 

The water produced in the reaction amounted to 0. 19 gm/ gm dry solids (which 
in a refuse fi ll with d ensity 550 lb/cu yd and 50 percent moistu re, would be 0 . 4 
in/ft of fill depth). During the composting, oxygen was consumed and wa s re ­
placed by carbon dioxid e . Heat was liberated in the reaction; it was disposed 
of in warming the refuse, in evaporating some of the water. present, and in 
heating th e exhaus t gases , which were nitrogen and carbon dioxide. The deta il s 
of the heat balance are given in Appendix A. Of the heat produced,' only 65 per­
cenf can b e accounted for in the ways just mentione d. In addition, some heat 
was absorbed chemically in the growth of the micro-organisms, but the heat 
efficiency of biochemical synthesis is very l ow and woul d not have amounted to 
more than 30 perc ent. The remaining 35 p e rcent or more h ad to be dissipated 
to the atmosphere by ventilation. Since the same maximum temperature ( 165'F ) 
was reached and sustained repeatedly in diffe rent trials , it is very probable 
that thi s temperature represents the highes t under which the organisms could 
continue to survive actively and that the rate of decomposition during the period 
of maximum temperature was being limited by the rate of heat removal. 
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In the Berkeley composting experiments, conditions for rapid deco 
sition had b een optimized; the refuse was crushed and homogenized and 8 
enough piles were used that air could enter by draft or diffusion to supply 
gen. The refuse in a covered fill is in a coarse, non - uniform state, and a 
oxygen is by no means assured, so that aerobic decomposition will normal 
proceed at a much lower rate than in composting. Eliassen (38 ) has repor 
laboratory results taken from the 1940 New York landfill study indicating tl 
the rate of breakdown of food refuse decreases markedly as it is mixed wi 
c~easing amounts of paper, and attributed the effect to separation of the p 
Clble particles, Also demonstrated was the dependence of breakdown rate 
moisture; maximum activity, as measured by the rate of carbon dioxide e 
lution, was obtained with moisture contents between 40 and 80 percent ( 37, 

The temperature of buried refuse appears to follow a typical patter 
rising to a maximum value within a comparatively short time after being p 
and then gradually falling to that of the surrounding earth over a period of 
al years. Apparently the initial use corresponds to rapid aerobic breakdo 
~a~ily decomposable materials. Nedry ( 39) has suggested that the temper 
lS 10 fact a good measure of the extent of decomposition. His experience 
a six-foot-deep sanitary fill at Coeur d'Alene, Idaho, is that the refuse te 
ature rises 20'F above the ground temperature in three months, and is ba 
down in two to three years. Dunn (40) has found maximum temperatures o 
10l'F in the Seattle Union Bay fill, occurring two weeks after completion 
20-foot refuse depth. In the New York Landfill Survey ( 32) temperatures 
measured at various depths for about two months after filling. A maximu 
about 160'F was obtained at the three-foot depth after about a week; the 
temperature then dropped slowly and irregularly to about 140'F after two 
months. The temperature at seven feet required two weeks to reach a ma 
mum, but then remained c lose to the three-foot temperature. At eleven f 
temperatur e remained about 55' lower than the temperature at higher leve 

The ASCE Committee on Sanitary Engineeri ng Research has report 
temperature measurements at six-foot depth in a fill at Monterey Park, C 
fornia, which was receiving mostly combustible rubbish ( 31 ). The temper 
ranged from 85' to 12-~'F, and averaged 98'. The greatest value was foun 
the oldest fill area which had been in place for 1-1/2 years. Temperatur 
readings were incl~ded in the Riverside experiments of Merz, and were su 
marized in the report ( 18) as follows: 

Bin No. Bin No. 2 Landfill 

Max. Temp. reached, 'F 138 157 124 
Days to reach Max, Temp. 8 8 2 
Temperature after 30 days, "F 114 153 96 

after 60 days 100 92 
after 90 days 97 90 
after 120 days 88 88 
after 1 year 76 94 
after 17 months 90 84 
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It appears that fill temperatures occasionally do approach the 165•F maximum 
obtained in composting, but that weeks rather than days may be required to 
reach it, and usually somewhat lower maxima are observed, In composting, 
~he same aerobic d ecomposition process which occurs in a l:alnrlfill is executed 
ln a much shorter time. Widely varying temperatures within the same fill, 
such as reported by the ASCE Committee , are suggestive of variable decompo­
sition rates due to the heterogeneous distribution of easily decomposable 
materials, 

The state of decomposition of refuse as judged by its physical appearance 
has been noted occasionally in the lit erature. Schneider (41, 42) has described 
the stabilization of household refuse in a New Orleans fill, in which the material 
was sufficiently innocuous after three years that it could be re-excavated, The 
rapid breakdown was attributed to a high annual rainfall ( 60 in/yr) and to the 
Warm humid climate. On the other hand, test holes dug in a 12-year old San 
Francisco fill indicated very little progress in the decomposition (76). Vegeta­
bles were still intact and cans were sti ll shiny. With respect to the description 
of fill material which has undergone appreciabl e decomposition, observations 
;ade in the Riverside bin studies (18), the New York Survey (32), and the 

ritish experiments at Bushey ( 33 ) are rather uniform, After a year or so, 
garbage and fine vegetation was no longer identifiable, but wood and paper were 
comparatively unaltered, The paper was soaked and disintegrated readily, but 
the Print was still l egibl e , 

Included in Table VII is the volatile content of the Manchester, England, 
refuse at the beginning and end of a one-year period in the fill. The reduction 
Was about 27 perce nt; excluding the volati l e matter contained in cinders , the 
Percentage destruction was 37. Data supplied by J. S. Wiley from experiments 
~t the Phoenix Field Station of the U. S. Public Health Service indicate changes 
n the household r efu se buried in a small fill for about one yea:r:. Reductions in 

Volatile matter and carbon were about 25 perce nt. 

Reduction in organic nitrogen of refuse apparently lags slightly behind 
~~ c ~rbon destruction, Probably carbohydrates are more rapidly handled than the 
if nitrogenous substances, and some rel eased nitrogen will be retained by the 

~rganisms as a necessary growth element, Also, the ammonia released upon 
reakdown i s volatil e only at high pH; as ammonium sal ts it will remain in the 

;efuse Until l eached . In the British Mancheste r study (34 ) analyses of the refuse 
dor Various form s of nitrogen were made during the decomposition process. The 
d~ta are not sufficient to permit calculation of removals, but the changes in the 

n~stribution of the nitrogen among its various forms is evidenced. Most of the 
ltro 

thr gen, which amounted to about one p e rcent of the dry refuse, was present. 
Of oughout as organic nitrogen, Initially ammonia nitrogen was about 20 percent 
n· the total; but it d ec reas e d to l ess than half that value in one year, while 
s ~trat e , initially zero, increased to as much as 0. 1 percent. Other data demon­
! rating nitrification are given in the recent British government report (33 ). In 
eached aerobic samples of refuse , nitrat e and nitrite began to appear at the 
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0 
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0 sting 0 P hree ·W \(e 3 
lt may be concluded that although a comp . two or t wit\ ta. d ,o~· 

d carbon 1n allY ·"e 50 percent reductions of votat'ite matter an and norrn unl'll1 ni~~ 
same destruction in a landfill takes at least a year' · the coarse 10w or 

d . £actors are ·veiY 
much longer time. The probable retar mg d excesS1 

dition of the refuse particles, poor oxygen supply, an 
moisture content, 

colll~' 
Anaerobic Processes obic de 'ole 

£
.11 aer 0 ea. 

f use 1 ' wilt ,d t' n 0£ a re · rns de a... . 1 lf oxygen is excluded from any por 10 . e or gants dio:>'i goi"' 
·r · · b' £acuttatl'll bOll der 

S11on 1s 1mpossible, :'-nd only anaero 1c or onverted to car ounds un und· 
grow. ln this case, carbonaceous matter 1S c the cornP 

0
rnp0 eills 

methane, the relative quantities of each depending on lly {or anY c ts' pr0~•!l 
· genera ou!l ' t .. ~ breakdown. Equation 10 indicates this relatlon . qual arn ~ore 
d . 'de 1n e ·ve"' Carbohydrates produce methane and carbon 10X1 d {ats g1 

result in slightly more methane than carbon dioxide, an 
01e 

twice as much methane as COz. .,ar 1a. ,.e1n! 
. idetY dS u 

. ts but 1n w rnPoun pro' 
Both gases are regularly found in refuse hi ' by the co d o:>'ide aJ 

d t on\ y n 1 rce 
proportions . The "Percentages are determme no b ' C carb0 soU s 

f aero 1 'fhe ga. 
anaerob1caHy decomposed, but also by the rate o rnoved· £rol'!l !l' 
ductlon and by the rates at wh1ch the gases are be1ng re certained tor oi 

3 
1es 

nf. d ntt y as . dica tr3 movement of the gases therefore cannot be co 1 e ure 1n ~onS 
t · h e is a s dew ana ys1s atone. However, the presence of met an f methane 

aerobic action, . just as carbon d1ox1de in the absence 0 

the functioning of aerobic processes. 
. s ,s 

bios1 
naero £the 

. ction. a rne o 
ln contrast to the large heat effects of aerob1c a . {act 50 o\C f 

. and 1n aero o' . 
accompamed by comparatively small heat releases • t s of an t \3 

t r ra e bOu 
regu arty occurring reactions absorb heat. Howeve ' t up to a 1 
breakdown are increased at higher temperatures • at teas ba"e nO 

e fit\ a.Y 
t refus ·on I'll 

The rates of anaerobiosis which pr evait in actua tobiC act1 d ea.ch . sll 
been quantitatively observed· since both aerobic and anae d succee. stillgu' 1nt 1 

· • f tt an d1 r 
occur s1muttaneousty in different parts of the same 1 ' tter to iS {o 

th · mpte rna nts nd 1 0 eras the decomposition continues, it is not a s 1 . 0 £ eve ce a. 1et 
them. Qualitatively it would appear that the normal se:1e~ put in pta me deP i 
fill to undergo rapid aerobic decay when the refuse is {lrs ces beco con"e ~e! 
the d t d substan bY siO' n gra ua ty become anaerobic as easily digeste entrY bas ell 
and the slower heat production no longer encourages oxygen decaY be oJi.Yg 
Aft · t years, n t er a penod of anaerobiosis which may last severa ted 0 be'{• {ot 
to th · h · b supper j3U5 d e pomt w ere the aerobic processes can aga1n e f ' t\ at · ste 
diff · · · ntal 1 rS1 

ustng mto the fill at a nominal rate. ln an expenme t and pe 
England, anaerobic conditions set in shortly after ptacernen 
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the entir e ob . same servat10n p e riod of ;n months (3 3}. Older fills excavated in the 
area s howed i . a e robic c d " . n c r eas mg d ecay of the refuse with age, but no return of 

even th on ltlons until b etween five and t en years . In th e 10- yea r-old fill 
· e paper ha d d' subj ec t d lsappear e d and iron was rusty. These fills had been 

e to h e avy rainfall and percolation. 

Ro gus ( 4 3) h · d " in the t as m 1cated that th e New York City landfills ar e aerobic 
op two to fou f t b . ses made d . r ee ' ut r emam anaerobic b e lo w that depth. Gas analy-

Present purmg the Rive rside study (1 8} showed that methane was generall y 
· ercola t e fro T B " · d anaerobic d m es t m No. I was nox1ous for over a year , an 

Which re c . ecay was apparently more active in it than in the second test bin, 
e lved only natural precipitation and had remained fairly dry. 

In add"t· are 1 lOll to the a n aerobi c r espi r ati on s of organic compounds, there 
ener gy- yie !ding · . . . . these is d .. · . react10ns wh1ch mvolve only morgamc substances . On e of 

entnhc-at10n . th d · · · 1 not normal] ' Ol e re uct10n of mtrate to mtrogen gas . This wil 
Bowev e hy be a part of r efuse d ecay , since nitrat e is not usuall y present . 

I 
r, t e prod c t · f n Eng land u . lOn o sulfide from sulfate ap p ears to b e very c ommon. 

dumped. ' severalmstances have b een reported (44, 45} in whi ch refuse 
sulfid e lnto water-filled gravel pits ca used anae robi c conditions; hydro gen 

productio . the ash f . n was encouraged by hi gh sulfate concent r a t10n s leac he d from 
Data fr ractlOn of the refuse and apprec i abl e atmo sph er ic nuisance resulted. 

om the · es ting e-ff _expenme ntal fi ll at Bushey, Eng la nd ( 33} inc lud e some inte r-
l eached ect~ ln connecti on with sulfate reduction. Percolating rainwater 

cont>nuous 1 · · · 30 n ear the b e . . ow concentrat10 n s of sulf1de; they were as h1 gh as ppm 
2-1 12 glnnmg of the experiment but had dropped to about two ppm after 

years Sulf t h ' winte r . • a e , owever, appeared in high concentrations onl y after 
p e n ods of Which had wet weather and was very low during dry seasons. Sulfate 

probabt fb ~en reduced within the fi ll had remained as insolubl e sulfides, 
yo l ron . d . d of the s tudy, ' JU gmg from anal ysis of the material excavat ed at the en 

~umrnar f y 0 Need ed Information 

The ph · 1 . not to . yslca a nd ch emi cal composition of Lo s Ange l es County r efuse lS 
o preclse l k . sarnpl · Y nown, but could be d ete rmined at any time by appropnate 

value ~ng proc e dur es if i t were d es ir ab l e. Composition data wou ld be of some 
. ln c haract · · b h lrnport e n zlng and comparing r efus e from differ ent sources, ut t e 

a nt ques tio b · f h refuse . n eanng on potential po llut ion is not the total cont ent o t e 
tn und es i b l · · l the fill r a e substances, but rather the rate at whtch they w1l l eave 

:>r gas· The polluting s ub stances to be considered are e ither dissolved solids 
es ; the f rnove u d ormer may l eav e a fill on ly when leach ed , but the gases may 
n e r the infl · · f th lolids b uence of grav1ty and pressure d1ffe rence. Some o e 

ts th ecom e l eac hable only upon d ecomposition and gases are produc ed only 
e result of d . . ' · · d· ecomposltlOn, The following points should be mves tlga te · 

l, Establishing of th e fac tors ;.,hich d e termine the pattern of aerobic and 
a naerobic d ecomposition. Since the result s desired are mainly 
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a. 

3. 

. ed out on qualitative, the investigation 'C<mld be most profitably earn 
an existing full-scale landfill. 

der the D . . . 't ' rates un h e term1nat1on of aerobic and anaerobic decompos1 10n f'll T • 
range of conditions which would normally prevail in a refuse 1 • 

measurement of rates should be based on gas production. 

. course of Measurement of release of leachable material durmg the formed 
decomposition. Items 2 and 3 would most conveniently be per unusual 
. ld resent no m the l aboratory where· sampling and control wou P 
problems. 
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V. LE.i\CHING 

The transf,er of soluble non-vol atile substances from refuse dumps to 
the ground water is accomplished by m eans of a leaching proces.s. Either 
vertically or honzontally moving water must physically pass through the refuse, 
and by intimate contact, extract soluble matter from it. The extraction may 
proceed to near completion in small or large volumes of water, depending 
upon how accessible the solub l e matter is, and on how rapidly it is created by 
decomposition processes. The dissolving of calcium carbonate from the aquifer 
minerals by water high in carbon dioxide may also be considered a leaching 
operation. 

Theoretical Considerations 

Leaching may be visualized as a special case of extraction of substances 
adsorbed onto sol id particles . If an extracting liquid is allowed to remain in 
prolonged contact with a partially saturated adsorbent, the adsorbed substance 
Will go into the liquid until an equilibrium finally prevails. At equilibrium there 
is a definite relation between the concentration of the soluble in the liquid and its 
adsorbed concentration on the solid particles. The equation which expresses 
this relationship is termed an adsorption isotherm. In the case of the inorganic 
salts contained in refuse there will be little or no true adsorption, but as water 
flows through the refuse, some of the soluble materials will be retained in thin 
liquid films surrounding the particles or possibly trapped within plant cells. It 
will therefore appear that adsorption is occurring with a linear isotherm; that 
is, the equilibrium between liquid and solid phases will be such that the amount 
of solute remaining with the solid will be directly proportional to the concentra­
tion in the l iquid. 

There are at least two theoretical models which might be used to describe 
the leaching process. One is that proposed by Glueckauf (61) in connection with 
his theory of chromatography, in which it is assuJ;Iled that the l eaching liquid is 
ln equilibrium with the solid being leached at all points of the bed, but that 
longitudinal diffusive processes disperse the solute as it flows. The differential 
equation d escribing the process for the case of a linear isotherm is identical 
With that of hydraulic mixing of a tracer in flow through a porous medium; this 
equation and its sol utions are given as Equations 38 to 42 of Section VI. For 
the case of e lution of a bed saturated with a leachabl e substance, the appropriate 
Solution is 

c q + (co-cl) erfc 

2 

(1 ;,t/x ) 

( 2 oj(Dm/x)(~/x)) 

(26) 

where c , c 0 , and c1 are, respectively, the concentration of leachin!l substance 
1
n the effluent, in the liquid initially saturating the bed, and in the applied l each 
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water, T is ti me, x the d epth of the bed, v the percolating velocity, and Dm 
a constant of the m e dium which describ es the degree of hydraulic dispersion. 

The other promi sing model for leach ing is implicit in th e treatme nt of 
col umn ion-exchange and adsorption processes by Thomas (62.), and Hiester 
and Vermeulen (6 3), In contrast to Glueckauf's model, equilibrium throughout 
the bed is not assumed, and the adsorption isotherm need not be linear, but the 
possibility of hydraulic dispersion is neglected. Instead of equilibrium, the 
adsorption is presumed to o ccur at a rate proportional to the concentration of 
the sol ute in the liquid phase, and also to the difference between the actual and 
maximum possible concentrations of the solute adsorbed on the solid particles, 
A reverse reaction or desorption proceeds at a rate proportional to the concen­
tration of adsorbed solute, In symbols 

kc(Q-q)- k q 
~ 

(2.7) 

where q is the concentration of adsorbed sol ute per unit weight of adsorbent, 
T is time, Q is the exchange capacity, k is the adsorption rate constant, and 
Kad is the adsorption equil i brium constant . The equation expressing conser­
vation of leaching material within the bed can be written 

~c + dC 
Tv Tv 

(2.8) 

where Pb is the bulk d ens ity of the adsorbent, fE the fraction of total volume 
filled with moving liquid, and v the total b ed volume, The solution of Equations 
27 and 28 can be expressed in terms of three d imensionless parameters which, 
for the cas e of elution of a saturate d bed, a:r e defined as fo llows: 

r co 

kQ Pb (.:::.._) 
l + Kad co R (2.9) 

R is the volume rate of flow. 

In ca!le the rate of mass transfer of solute from adsorbent to liquid is 
being controlled by a slow rate of diffusion through stagnant liquid films sur­
rouding the adsorbent particles , or through surface l ayers o f the particles, 

nalysis must be modified, The parameters s and t are replaced by ::r and 
the a hl' ch for the case of internal diffusion controlling, are defined as 
e • w ' 
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::;,; " 
kpapkQ fb 

(~) 
1 + Rad co R 

a kp ap ,kc 0 ~) (30) 
Kad R 

where kp is the mass tra.ri.sfer coefficient and ap the adsorbent surface ·area 
per unit bulk volume. The solution now depends upon the parameters r, ::;: , 
and e , instead of r, s, and t, The parameters r and ::;: remain constant for 
any given saturated bed, while a increases with the volume of eluting water 
put through the bed, Generalized breakthrough curves have been worked out 
for several values of r and ::;: by HiesteT and Vermeulen: they are plots of the 
quantity (c 0 r c)/(c 0 - q) versus. e/'2. 

If the solid material composing the bed is a poor adsorbent , the value 
of Kad will be small and r will be nearly equal to one. The adsorption iso­
therm in this case is linear, and it happens that the breakthrough carves for 
diffusion controlling become identical with those corresponding to control by 
the adsorption-desorption rate, Curves for r= 1 are given in Figure 13. 

Quantities of Leachable Material 

Much of the organic and inorganic matter contained in refuse can be ex­
t.racted immediately by leaching. Additional material will be freed in time but 
normally will become available only after the worst part has been leached out. 
While the s<;:riousness of any pollution will depend on the rate of leaching, the 
total amount of available leachable substances furnishes an idea of the possible 
over-all damage to a water supply and also reveals what substances are most 
likely to cause problems if minor percolatiop does occur. 

Household Refuse : The problem of ground water pollution due to refuse 
dumped in spent sand and gravel pits has existed in England for several years 
and the British Ministry of Housing and Local Government has recently pub­
lished the results of research designed to answer some of the basic questions 
( 33), The basic investigation was to determine the quantity and composition of 
percolate from natural precipitation in dry refuse fills, and also the nature of 
the leachate from refuse deposited directly into the ground water. The results 
are quite complete, but 11nfortunately the British refuse is rather different from 
that produced in Southern California, as has been pointed out in Section III. 
Table XVI lists the quantities of various chemical substances extracted from 
refuse in the dry and wet ·.:fulls. The 6-foot-deep dry fill received only natural 
precipitation (65 inches in 2-1/2 years), whereas in the wet fill the refuse was 
compl etely submerged and subjected to horizontal flow of water at the rate of 
about '3, 4 gal/day/sq ft. Less chemically oxidizable organic matter (permang­
anate oxygen consumed) was leached out during the course of the experiments 
than that extractable from the fresh refuse because stabilization was occurring 
within the fills. However all other substances were leached in greater quantities 
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than were initially pres ent in soluble form. Somewhat greater quantities ·were 
leached from the wet fill in 20 months than from the dry fill in 33 months, but 
a much greater volume of water passed through the wet refuse and the water 
was clearly in more intimate contact with the soluble substances. 

Table XVI 

Substances Leachable from Refuse 

(From Reference 33) 

Quantities in mg/kg refuse 

Substance 

02 Cons umed: 30 min 
4 hr 

Chloride (Cl) 
Ammonia (N) 
BOD 
Organic C 
Organic N 
Sulfate (S04) 
Sulfide (S) 

Albuminoid N 

Period of leaching: 
Percolate volume: 

Dry Fill Wet Fill 
Initial 
Water­

Extractable Leached 

2, 100 
1,080 

340 

33 mo 
0 . 14 gal/ lb 

375 
1, 270 

370 
2,490 
1, 630 

n 
840 as 
S04 

Initial 
Water-

Extractab le Leached 

685 385 
970 60() 

1, 05ct 
195 550 

5, 150 
2,850 

75 
545 1, 300 

110 

50 

20 mo 
2. 6 gal /lb 

With regard to the compl eteness of leaching in the dry fill, the measures 
of organic matter--BOD, organic carbon, and oxygen consumed--had all fallen 
off to low concentrations when the experiment was terminated. The ammonia 
and organic nitrogen were also nearly exhausted, but chloride and s ulfate were 
still appearing at concentrations of 800 ppm or more. In the wet fill refuse was 
dumped into the water over a period of tim e in order to simulate operating con­
ditions in gravel pits, and the last load was added only three months before the 
final analysis. However, the end concentrations of all chemical substances were 
all b e low 80 ppm, the highest being chloride at 78 ppm and BOD at 74 ppm. 

The British data can be compared to the quantiti es l eac he d in the River­
side studies, which are listed in Table X of Section III. The Riversid e figures 
are only approximate since the weight of refuse is not known, and the figures in 
Tabl e X should be halved to convert them to undried weight basis (approximate). 
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The chloride and nitrogen values are of the same orde r of magnitude as the 
British data, but the leached BOD at Riverside was much greater than the 
British and probably r eflects the greater amounts of garden vegetation in 
Southern California refuse, 

Ash: White ashes are not a major component of Southern California 
rubbish fills, ther e are a number of ash deposits, mostly adjacent to munici­
pal incinerator s, which oHer some threat to the ground water quality • The 
ash material itset£ is of interest b ecause it exhibits a property which may also 
belong to mixed refuse to a les ser d egree namely base exchange capacity, 
M I ' ' erz s study of ash dump l eaching (64) has demonstrated the nature of the 
leachable material, as w ell as the rate of its extraction. The average leachable 
quantities of mineral ions are summarized as follows: 

Substance 
Leached with Water 

lb/cu yd %by weight* 

Sodium 
Potassium 
Calcium 
Magne sium 
Chloride 
Sulfat e 
Alkalinity 
Nitrate _ N 

Total Measur ed 

Leached Volume: 

1. 48 0,0?8 
o.n 0.049 
0.40 o. 021 
o. 27 0.014 
1, 65 0,08? 
4, 20 0. 22 
0,79 0,042 
o. 15 0.0025 

10. 5 o. 56 

0.0 38 gal/lb* 
4, 3 in/ft 

* Based 0 nash weight of 70 lb/cu ft. 

The tot 1 . 

Acid Extract 
lb I cu yd "/o by weight* 

5.46 0. 29 
?,24 o. 38 

48.50 2. 57 
4.61 0.24 

5,62 o. 30 

70. 9 3. 8 

Perce a We1ght of 
at nt, wher eas th measured leached substances amounted to only 0. 6 

es, was f e material sot bl · · d · · · matt · our perc e t u e 1n ac1 , not 1ncludmg chlor1de and carbon-
bilit er of the a sh wa: ' -:s Merz noted, only a small fraction of the mineral 
was Y ln water of ala easlly extractable , One reason for this is the low solu-

appare 1 rge part of th · d 
Phase f nt Y calcium e ac1 extractable material, much of which 
l, Zoo 

0
g t~e investigatio carhbonate. However, Merz demonstrated in another 
r alns c n t at the ash h b tneq/too a per c u ft 

0 
as a ase exchange capacity of about 

o{ 30, th &rn, Ass uming t•h rat an ash unit weight of ?0 lb/cu ft, about 13 
~ ey w0 ld e attached c t· h d ot S\lsc . \l accou t f a 1ons a an average equivalent weight 

eptlb\ n or anothe 0 4 · e to l eachin b r • percent of ac1d extractable material 
g Y pure water , 

1\lh The extra 
arnbra inc· cted satts obtai 

lnerator ash ned by Merz may be compared to a sample of 
analyzed by the Department of Water Resources. The 
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hand he as b mixing t . h fres . . . b the process of ing Wlt the m.,.,,,, '" ••~hod ••<h ''"•llod ••<" Y . . d '"' <oploo . , ~d 
2

,.. 
water together, se ttling, decanting half of th e llqu1 h' decanted hquo the Z, 

· d on t e d over h wn 
water, Total dissolved solids were determme b n pass·e rn s o . . 
procedure was repeated until 14 hte rs o wa er d orption 1so stage 

. f t had ee . the r 
1
s 

d the a s t any " ' 
gm ash sample, The results may be platte as . h solution a h BY e 

· f 1' ds 1n t e h as • 
in Figure 14, There the concentrat1on o so 1 b d from t e . ht of f 

· 1 desor e e1g eo 
plotted against the total weight of the matena t' on the w Becaus 

'''P>L•iing <ho iOo<h.,m Lo "" '"P••=i«o <on m•do mooU" ' • oLoliOO b> 
'"''""hlo OOLido iolli•Uy P"OOo< W<ih iho "h '" ' iho "'' p <hOi L IY 

t centra 1 • t 

. f the curv ear bab 
Lho ""P"'" of Lho Low""""'""'" PO<iion ° i woold •PP p<O 
cannot in this case be p erformed very confidentl y, but 

1 
h and were e the 

t f the as ' c urv • 
''"hob[, OOLido •mo~iod io " '"" t. 5 P""" o . oinf of lh• bobly .Jo· 
closer to 2, 0 percent, .As determined by the br eakmg P h and pro. ed bY . 

· f of <ho " • """ u•· 
""ly '"'""•blo oolido w.,, • hoof ooo Pm~ voloo o bo •' 
<lodod • '"'' f'"tioo of ooo. •dooobod " ' • ·moo io d p" 

· lt Th e lower rnay • 
· · · M 's expen an "ld~g op Lho '"'"'"'" of iodi>id=t ""' m "' . h dumps, 

bo<od Lo Oom, P<ioo ' '"hiog of lho ••h by '"n w ' "'· 

0 

oib[y Lo iho p"""" of '"b'"'"' " o<h., "'" ihooo mom i< "" · h'lemte 

uarry P p· 5 ) wherein a q bad a d An inoid~L b., boon ''""bod by &opi (6 Tho "'"". o<•• 
., <o .,b domp pou.,, , • <ow of w.u , l, 000 foo< <way. finial'"' tances 

t ation o ubs bon· 

Parently been leached by rain water, and the concen r f other s car 

· t tiona o was d 
Oohdo boo,.,. Lbo "f"" ._, s. OOo pPm, Conooo" 

300 

ppm ~ 
at that point Were total hardness 2 600 ppm (of which onl y . on 28 pprn• 
ate hardness), sulfate 1, 370 PPm, carbon di oxide 10 PP ' 

• 0 m u 
""'""""' 14 PPm, ;oLO ,, 

n · · · f is dumpe s in . • 
~. ' d. . ""~ "''"" " "" "a' • ' ... ,, d directly theca 

"'" Lh o """' of oa[f, obi•iood a., "'=lly no l mo of w b•" 
of ''"hiog by p.,.,,._,. boo,, ., of <ho " ''"••ly laogo ""f" "" "'"fooLO t as g ate tfl 

m'""•ly "'"•hlo foo dilofioo Howov,. ibo '""" body o w '"""' gi"en 

. • ''"'' "" p 
"""· '"' " '"""• "'""''" "" In fho pif P"oon<o a n (46) oo 
>hioh bydoog, , OOifid, '"' dlffu., fo iho 'fmoophm. Loogwo dumpod• 

Lb, '"•Iyoio of w.,., io • '"••! Pi< io<o >hioh "f"" had boofnde 9. 5 PP~~ollSb ~t 
975 hl · d s ul 1 . g t bO · PPm, ' '"'• 128 PP~, '"•L ba,d,.., 523 ppm, an flo~• ,. •. L' 
"'""mon 166) h., "Pooiod ~'""<om.,,, oo a •=ll o<wm ni .on ;,.,£•' 
• '""" Pi< nu,, •bo., " ' • .,,. <•bt, •lib "'""· Tho •ffl"',, '"' ',on. 
4

80 Ppm, lo Lb, Now Yook Laodiitt OO<voy (32) "' wai., '.""\oo pp~ ~<h fb, Lido '""'"'' no •aoh 'Yo l o Wilh op fo ll ppm '""'''· and 
50 

PPm ammonia nitrogen, 
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and . b 300 ppm. acquired unpleasant tastes and odors increased m hardness Y d . the gal-

• · peare m tter in iron by 7 ppm. Heavy growths of crenothrix ba.ctena apd rganic ma 
leries. Several of the mumcipal wells had to be a an one • cceeding yea b d The o rs 
apparently has persisted or has been replenished slightly by 

6

su e 

1

2.5 ppm 
of runoff and an analysis of the gallery water in January 19 1 gav·mi!ar serieS 

' d In 1943 a Sl A roY0 
carbon dioxide , 5. 5 ppm iron, and 2.98 ppm har ness. h r up the r e 
of events occurred behind a debris dam in Brown Canyon, fart be dioxide werld 
Seco. Here th e high concentrations of iron, ar ness , d the stream h d and car on cou 
largely relieved when weep holes in the dam were plugged, an . d material. 
pass over the crest without as much seepage through the deposlte ·al 

. bacterl The organic matter of refuse is of course capable 0 b 
5 

of bacte f supportmg ria 
d ll num er the growth, but it is curious that in refuse may be faun sma late from h

. h 1 · · The perco rne w 1c are usually considered to be of intestina or1gm. li at so d 
leached dry refuse at Bushey, England (33 ) initially contain ed E. co progresse J1ll' 

· · · d th leachmg OO per one m1lhon per ml, but these graduall y d1sappeare as e than 1 
until at the end of the experiment nearly all of the counts were less 

f round u tion o g Relative Importance of Leached Pollutants: Since P 0 u riculture, d 
water can occur through well established land uses , particularly abg perrnitte d 
· · 1 would e che 1t 1s probable that some pollution due to refuse dumps a so . of the tea be 
if the water quality impairment were sufficiently slight. An 1dea Late maY d b 

f perco ['ste 
su stances most likely to control the necessary dilution o any tions 

1 
~ b 

. . centra 0 pP""' 

0 

ta1ned from consideration of Table XVII The max1mum con 'd is 3 
. ' • . f s ulf1 e are approx1mately those found by Me rz (1 8 ); the max1mum or reater d 

h' h b 1 t from g an w 

1

c was o served in the British studies (33 ). The perco a e tances, ble 
depths of refuse would presumably be more concentrated iri all subs t acceptad 

d' 1 t ations 0 an accor l.ng Y would requir e greater dilution to r e duce concen r iron. te 
limits I · · . £hardness, tab · n any case, 1t W1ll be seen that concentrat1ons o acceP 
nitrat ( 'd· d main un · elY . e. Ollll 1ze from ammonia and organic nitrogen) .may re me relaUV . h 
at dlluttons at which chloride total solids and sulfide have beco 

1 

be too hl~rJ 
. f • • d tll v ' sat

1

s actory • The BOD of percolate diluted to this point waul s . section nd 
to be satisfied in oxygen-saturated ground water but as indicated 

1
n round, at 

BOD w ld b . ' . h the g r s ou pro ab ly be drasttcally reduced by filtrat10n throug the wo J1l 
by oxidat· · · ght be d frO 

10
n Pnor to reaching the ground water. Hardness ml . solve 

problem; the Values shown in Table XVII do not include hardness dlS 
the ground by carbon dioxide. 

tVll 
. Table f Deletenous substances other than those specifically listed m apable 

0 or preVious[ · d are c 
Y ment1oned are undoubtedly present in refuse, an would be i• 

bomg ''"'hod '""' "' '"""' woe.,. r., '"''' in dom""' ,r... "" 'ho~ :.~d
1

c
1

~:sf inflammabl e hqu1ds, insecticides, weed killers, and 0 !d contaln 
s ~

0 

or speciftc household purpose s· any refuse l eachate wou adverse • quant1hes of b ' hose h fl'la ff 
oron, copper, chromium and other substances w f s ue e ect on crops or h . • tage o fl'l-

t . 
1 

. Umans 1s recognized However the percen . te co ena s 1n the refu d . • b 

0 

rnmu y 
pa d s e an 1n the percolate therefrom would e s bat the 

re to the amounts of undesirable materials herein considered, t 
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coutd 
sot· never b ld ind constitut e a ustriat w e an independent Potentia l h astes which . problem. However specific liquid or 

aza d m1ght be d d · 
' lo gN d '"''" m «o<klo•d qo~""" "old 

un water. 

Sub at ance ---'I'otat l)' 
SoLids lB.sot ved 

Ch (lnor lor ide ganic) 

'I'otat li 
A.lll, ardness 

lll.on· 
Org la and 

l anic N ' ron ltrogen 

slllfide 

:Son 

1\at 

Table XVII 

Dilution of p · ercoLate from Refuse 

Concentration, ppm 

" 
QJ 8 
~ :j 

- a ~ 0 ~ 

bD "' 
0 ... .~ 

~ "' 

u l< 0 

0 0 ~ ~"'"' 
"' C\1 

'ii 
0~ 

" a 
0 

• :j 
~ ""' 

P..~ ~§ :a ~ ·~ 'id ~ 
;:>Cl!l=Ul 

500 

2 0, 000 200 20 

2, 200 22 2. 2 
zso 

8,000 80 8 

1, 3 00 13 1.3 
N03- N: 

300 
o. 3 

o. 3 

30 0. 3 
o. 03 

30, 000 300 30 

-
10 

e of 
~ 
Ill.' Th lnin e bas . !live g What wi lC problem in . 
'I'h 

0 

lho , It bo lho ' 0 """""" w"h ,.fo" , ,.,bing " lb•l of do\W 

e 
8 

· ate f concent · 
cat "~•· 

0 

Wo\0< . '"""" of vo<iOO' oob•~"" in 1h• P'"'''"' 

urn 
1
0n · appbc t ' 

th ns of 

19 

analog a 
1
on and the physical make-UP of the refuse bed. 

(1) lll.ake anular m d. 0 ' oto\mO of odoo<bod m•"""'' f,om bod•" 
th e fact satisfact • u there are at [east three complicating £actors 

nat rst p lho <of . '"""'' ""'"''"' otmool hoP''"'' Th"' "'" 

at gr ous t th · 

th any e 1a b t 
e fi that ory th · 
ee erco t use1s t... £ h La~· >ctent ate app no 1n1t1ally soaked with water and there ore w ' 

• ... . ,, oa<" lh • ,., "' of ;b I <ofo" . · ' bod b" ''"'dy b"' ,,.,hod 10 ,om• iodo'""' 
1,. {3)\h, 'flow m•" '' <O"'" ~d 00oonifo<"' '"'' lh• hYd"'li' ""go· 

Ch d refu Y compl t t . · · sa~ e • th " ood ' ' y ob""' .,y "d"ly d" "'"'" b•"'~" · 
• ,.. '" b ,, go" . . . . . ' ' ''" lh y au, . . m"Nb>"l al\a<k do<ing lb• P""d lh•' •' " bomg 

e ret ear · nng 1ts c · · d ''' Olio _Y " of ' ompo""'" ~d P"'"""' Bo•'""' lb• a . 
1ng "'lu omov•l . . . f '>oil P• •mo " m P"mil\ing • qoali\a<i~ ,,,.,atmal""' 

ab[ d ng some f th . · · -• '"· o • '"'"bl"• ~d po"'bly al" m ,.,.apo 
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Theoretical treq.tments appl~cable to column adsorption. phenomena have 
been fairly successfully applied to t)l e leaching o{ salts from soil. Van der 
Molen (67) has employed the equations of Glueckauf to the measured rate of re­
moval of sea salt from reclaimed lij,nds in Hollanp, and obtained reasonable 
agreement with theory for permeable soils. Gardner and Brooks (68) have 
applied Hiester and Vermeulen's theo11v to the l eaching of salts from soils in 
columns. The breakthrough curves obtained experimentally could be fitted 
quite well with the theoretical curves, but it was noticed that the hydraulic dis­
persion theory would have worked just as well. 

A family of generalized breakthrough curves as given by Hiester is shown 
in Figure 13, They all correspond to a value of l. 00 for the equilibrium para­
meter, r; this is the case for· leachable materials which are weakly adsorbed 
by the material of the bed. It is presumed that the leachable substances of 
refuse are loosely held, so that the curves shown in Figure 13 should apply. 
In order to fit the general curves to a particular experimental breakthrough 
curve, values must be assigned to two parameters; these are the column ca­
pacity parameter ~, and a factor B which will convert the actual throughput 
to the throughput parameter 9/'2.. With reference to Equations 30, the 
constants A and B must be determin ed, wh·et:e 

9 Av/R (31) 

9/z (32.) 

The quantity vfE is the volume of water saturating the bed befo.re percolation 
begins; the origin of the breakthrough curves of Figure 13 is therefore the 
moment when fresh eluting water begins to flow out the bottom of the bed after 
having displaced the original liquid. In reasonably dry refuse the first water 
which appears will be essentially all water applied at the top, and V-vfE can 
therefore be taken as the volume of percola,te. 

As an Example, Figure 15 shows the concentration of sodium obtained 
by Merz (18) from the percolate of Test Bin No. 1 at Riverside, plotted against 
volume of percolate. The Hiester breakthrough curve for ::f = 0. 4 has been 
fitted, using values for the constants of A = 0. 0002.2./day and B = 0. 076. Be­
cause of the large fluctuations in concentration , a longer period of data would 
be necessary to establish precise values, and the curve as it is could be fitted 
about as well for any value of '2. between 0. 3 and 0. 8, However, since .'2, is 
inversely proportional to the flow rate, the curves of Figure 13 indicate the 
effect of changing the rate of percolation. If it should be doubled, giving ::;: a 
value of 0. 2. instead of 0, 4, the curve would become flatter; the initial concen­
tration .of sodium would be reduced by possibly one-third, and the ion would be 
removed from the bed in a greater volume of water. Reducing the percolation 
rate would have the opposite effect of producing a more concentrated percolate 
at first, and leaching the salt out in a smaller volume of water. The theoreti­
cal curves also suggest that when the column capacity parameter ::; is increased 
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r 

uif' . h gh which a 
s tctently, as would occur by increasing the depth of refuse t rou . axi· 

· . · ttatnS a 11'1 
gtven percolation flow rate would pass the initial concentratwn a 

' ' d 
mum value and the breakthrough curves thereafter become S-shape · 

ly at all to 
Desorption breakthrough curves could not be expected to app bed. In 

1 h · · the refus e 
eac able substances which undergo chemica l change whlle m hate BOD 

both the British percolation study and in the Rive r side work, the teac in the 
d d if h·ng process o· 

roppe o very steeply as decomposition assisted th e teac 1 ewhat pr 
. . . n was so.!l'l f 

removal of orgamc matter. The removal of ammoma mtroge arance o 
I d 

· The appe 
onge and reflected its production from decayin g orgarucs . . . the refuse 

sulfat e in the percolate was very erratic beca use of its converston m 
to sulfide, in which from it lar ge ly remained . 

Needed Information 
bstances 

. . f tractable su b· 
Measurements have been made of the quanttttes 0 ex L ached su 

present in refuse, and some teaching rate data is also availab le. haerdnes s, 
stances most likely to cause ground water quality impairment are alsO r each 

• · · · 1 d olids m aY tion5 

n1trate, and tron, but organ1c matter and tota l dtsso v e 5 oncentra . d 
· · · · · b bl e that the c dep en ObJe c tionable levels 1n welt supplies . It I S very pro a ' I! gr eatlY 

of teachable material appP.aring in the percolate from refuse WI f anY leachate d 
d lurne o . a nee 

on the rate of percolation. Since both t he strength an vo f t there tS 

which enters the ground water witt determine its polluting ef ec ~nents. 
to determine extraction rates of the various s oluble refuse comP 
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VI. TRAVEL OF POLL UTI~ 

int In o th order f IVhe e grou d or damage t 
a re it i n water 't . 

0 
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If the boundary conditions are sufficiently simple, Equation 34 can be solved 
analytically to give H (and by differentiating, v) at all points. There are graphi­
cal and numerical techniques for obtaining approximate results in more difficult 
cases, Equation 34 also describes the steady flow of e l ectricity and heat in 
conducting media, as well as several other phy.sical phenomena; s olutions ob­
tained in these problems therefore apply to corresponding cases of ground water 
flow, and electrical model analogs can be used to obtain experimental solutions. 

One flow case of some interest is that of a well pumping at a constant 
rate from an aquifer carrying ground water at a uniform constant velocity. If 
it is. assumed that the direction of flow is everywhere parallel to the water table, 
which is nearly correct except in the well's immediate vicinity, the surfaces of 
constant head are all vertical and the flow pattern is that shown in Figu.}'e 16. 
The well draws all of its .water from a strip of aquifer whose maximum width is 
Q/vd, where Q is the well pumping rate, v the flow per unit area in the aquifer, 
and d the depth of the aquifer. If it were not for dispersion phenomena, no pol­
luting substances which might enter the ground water outside of the zone of 
influence could ever reach the we ll. Moreover, if a we ll' s zone of influence 
lies partially under a dump undergoing leaching, the refuse percolate destined 
to reach the well will arrive diluted by the entire ground water flow within the 
zone of influence. 

Experiments with tracers, both in the field a nd in laboratory columns, 
have repeatedly demonstrated the fact that a given blob of water flowing in a 
porous medium does not remain intact as it moves, but instead comingles with 
the adjacent water and thereby becomes spread over an increasingly greater 
volume, It has been shown that the disper sion process may be described by a 
diffusion equation. Fick's Law of diffusion states that the rate of mass trans­
fer of a diffusing substance is proportional to its concentration gradient, or, 
in symbols, 

q - PD grad c ( 35 ) 

where q is the rate of transfer across a unit area, c i s concentration, P the 
eoro~.ity, and D the diffusion constant, which ha s the dimensions of 
leng:Kitime. However in flow through porous media the diffusion is apparently 
brought about by variations in velocity through the pores and by variable l engths 
of paths of different particles of water. It turns out that the diffusion constant 
D varies with direction, and in particular, is greater in the direction of flow 
than in a perp endicular direction. 

Considerable experimental work has been performed to measure dis­
persion in laboratory columns packed with porous media. In this case, the 
boundary essentially limits the observable dispersion to only one direction, 
that of the column axis. The rate of transfer of a tracer is then equal to the 
sum of two effects, namely, disp ersion superimposed upon carriage at the 
average flow rate. In symbols, 
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FIGURE 16 
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little effect on the concentration of pollutants appearing in downstream wells, 
except possibly at a very great distance from the dump. The longitudinal 
spreading would cause the pollutants to appear ear lier than would be predicted 
from the average flow velocity, but the concentration would rise to the same 
level as would occur in the complete absence of dispersion. On the other hand 
~ransverse dispersion would dilute the pollutants by spreading them out laterally 
and downward in the aquifer, but would thereby increase the extent of the af­
fected zone, If the aquifer is not uniform, but consists of layers of varying 
con,:luctivity with lar ge- scale irregularities, then both l ongitudinal and trans­
ve/'"Se dispersion will be effective in diluting the pollutants. 

Dilution in Ground Water 

The upper layer of ground water may become strongly polluted by leach­
ing dir ec tly through a bed of refuse, or by receiving percolate from an overl ying 
deposit, Ther eafter dilution of the pollutants may proceed in at least two differ­
ent ways, namely, (1) by mixing with adjacent ground water as it enters a well 
casing and is pumped out, and (2.) by dispersion into the adjacent ground water 
during flow, 

Effect of Wells: With reference to Figure 16, it may be seen that in the 
al mce of hori;ontal dispersion, any refuse percolate entering a well's zone of 

_ ,uence will be diluted into the entire volume of ground water entering the well. 
The dilution may not take place until the moment when the pollutants enter the 
well casing to mix with c l ean water converging from throughout the zone of in­
fluence, As an example, according to the Riverside leaching studies of Merz 
( 18) it mijht be possible to leach 0, 8 lb of sodium per cu yd of fill in the first 
year. In a dump 30 feet deep and 500 feet long in the direction of ground water 
flow, sod1um would be released at the rate of l. 2. lb/day per foot of dump width. 
Then if the aquifer were 100 feet deep and the ground water were moving at 0. 5 
cu ft/sq ft/day, the sodium concentration, averaged over the aquifer depth, 
would be about 38 0 ppm greater than that of the unaffected water. A well located 
downstream such that its zone of influence lay completely within the shadow of 
the qump would contain at l east this soncentration of sodium regardless of how 
much vertical mixing occurred between dump and well. If the well penetrated 
only a shallow depth of the surface aquifer, the full depth of flow in the aquifer 
might not be available for dilution of percolate, and the concentration of pollut­
ants in the well discharge could be greater than the aquifer average. On the 
other hand, a well whose zone of influence included some area not overlain by 
the dump, or which also pumped water from lower aquifers, would produce 
smaller concentrations of pollutant. In any case hydraulic mixing or dispersion 
in the horizontal direction only will be effective in reducing the concentration of 
pollutants in wells below dump sites, and then only if the mixing is great enough 
to bring fr esh water in from outside of the zone of influence, 

It may be noted that in wells having their influence zones either com­
pletely within or completely without the dump's shadow, the pollutant concen-
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values, and by comparison with Table XIII, it will b e observed that the ref~se 
remains quite permeable, although possibly somewhat less so than a coarse 
aquifer, Apparently the rate of flow through rubbish will be of th e same order 
of magnitude as that through the aquifer itse lf. However, any differen ce b e­
tween the permeability of the r efuse and that of the surrounding aquifer will 
cause a corresponding differenc e in the flow velocity through each, and will 
thereby affect the rate of extraction of pollutants. If the ground water table is 
below the bottom of a dump, but c los e enough that the capil l ary fringe s ta nds 
within the refuse, flow through the refuse wi ll stil l take place, but at a rate 
which rapidly decreases with d ec r easing d egree of saturation, Because of the 
high concentrations of pollutants which can e nter the ground water even when 
it is moving slowly, the lowest p e rmissibl e dumping e l evation, when it is in­
tended to control pollution by avoiding contact of refuse with the g r ound water, 
should be above the maximum anticipated l evel of the capillary fringe. 

A complete history of well s upply pollution from a garbage dump has 
b een described by Rossler (59) . About 650, 000 cu yd of refuse were dump ed 
near Krefeld, Germany, between 191 3 and 1929. Some garbage was d eposited 
in water standing in the bottom of an empty g r avel pit, Nine years after the 
first dumping, pollution in the form of high salt and ha r dness concentrations 
b egan to appear in wells one mil e downstr eam. The course of travel canno t 
be cle arly traced becaus e heavy drafts from several wells were influencing 
the direction of ground water movement, but wells up to five miles distant were 
seriously affected. Maximum chloride measured was about 260 ppm, compared 
to 40 ppm in the native wate r; up to 900 ppm hardness was obtained, the b ack­
ground being about 200 ppm. Small ris es in iron, manganese, a nd ammonia 
were obs e rved, but no contamination of well s with coliform bacteri a took place, 
and the pollution by organic matter was very s light , For the wells nearest the 
dump, the pollution lasted 18 yea r s, 

A similar occurr enc e , a l so in G ermany, was given in a review of ground 
water pollution examples by Lang and Bruns (8 0) . The town of Schirrhof fo r 25 
years had dump ed ashes and household refuse in to an empty sand pit which ex­
tended below the wate r table, The dump was covered and made into a park, 
and 15 years later the hardness in wells 2, 000 feet downstream rose from 200 
ppm to 1, 150 ppm. Iron and manganese concentrations a l so increased and the 
water acquired an unpleasant taste . At the time of writing the condition had 
continued for several years with no sign s of improvement. 

Schlinker (74) has reported ano ther German experience with water s upply 
pollution du e to r efuse , In thi s case the source of pollution was not d efinitely 
known at first; well analyses were made throughout the area, and the dir ection 
of ground water flow was d ete rmined. Plotted contour s of chl orid es and hard­
ness focused on an old refuse dump, whereas th e permanganate demand con­
tours surrounded an unsewered residential area. The maximum chlorid e con ­
centration obs e rved was 120 ppm against a background of 1 3 ppm; maximum 
carbonate hardness was 210 ppm, compared to 90 ppm in the unaffected water. 
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The flow velocity was about 2., 5 ft/day, and the poltution had taken four to six 

years to reacl') the welts. 

Examples of industrial waste pottution of ground water are common, but 
usually the data are not sufficieht to permit quantitative evaluation of the dilution 
being afforded. The California Departments of Water Resources and Public 
Health investigated the travet of hydrocarbons and detergent in the ground water 
of the Mojave River near Barstow (75). There a tongue of poltution extended 
s<;>me 2.-1/2. miles downstream from the waste discharge area. The depth to 
ground water was about 2.0 feet, and no poltution was found in welts with perfo­
ratic;ms deeper than 100 feet, Because of the tow concentrations of the poltutants 
it ts not possible to observe a clear pattern of dilution, but since the range of 
ABS detergent concentration throughout the zone of poltution was 0. 05 to 1.10 
ppm, the material was being diluted not more than about 2.0 times over the 2.-1/2. 

mite stretch, 

The Office of the Los Angeles County Engineer has rriaintained records of 
an occurrence of welt pollution by water softener regeneration brine at Saugus, 
California. From about 1942. to 1949 some 50, 000 gattons per day of brine were 
discharged to ~eepage basins, Welts downstream successively became affected 
with high salt ~oncentrations. The tast welts to be contaminated were those of 
the Saugus School, 2., 000 feet from the basins, which became unusable in 1946. 
After 1949, when the brine was being hauled away, the salt concentrations de­
creased with considerable fluctuation, and in 1953 aU welts had been restored 
practicalty to their original condition. The maximum total dissolved solids 
concentration recorded for the school welts was about 5, 300 ppm, compared 
to about 15, 000 ppm in the seepage basins; the dilution obtained 2, 000 feet 
of travel was therefore probably no more than three. 

The "Montebelto Incident" which occurred in 1945 is a spectacular ex­
ample of rapid travel of a poltutant over a tong distance, A quantity of chlo­
rinated phenols was discharged within a period of one week to the Alhambra, 
California, sewerage system and reached the Tri-Cities Sewage Treatment 
ptant mixed in a sewage flow . of 12 miltion gat/day. The plant effluent was dis­
charged to the Rio Hondo where it combined with an equal flow of rising ground 
water. About a dozen welts belonging to the South Montebetto Irrigation District 
and the Montebetto Land and Water Company became poltuted with the chlor­
phenots within two weeks after their arrival at the treatment plant. The wells 
were alt located within a few hundred feet of the Rio Hondo, but were more than 
four mites downstream from the point of discharge. In this case the dilution 
which occurred during passage of the water through the surface aquifer could 
not have been very great, since the distance of underground flow was short and 
the entire source stream was for a time contaminated with the poltutant. But 
the concentration of the material in the surface water could have been only of 
the order of a few parts per bittion, and even so the welt supply became im­
potabte; treatment with chlorine dioxide was necessary to break down the pol­
lutant. That a substance in such small concentrations can have drastic effects 
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demonstrates the necessity of exercising extreme caution in the operation of 
refuse dumps with respect to the nature of any liquid and leachable solid wastes 
which might be permitted. 

Changes in Pollutants During Travel 

Filtration: Whil e coliform and other bacteria have been found in ap­
preciable concentrations in the liquid l eached from hous eho ld refuse, there is 
a large body of evidence demonstrating that such organisms disappear com­
pletely in the ground within a short distanc e of their source. In pilot plant 
studies performed by the British government (33), the l eachate from refuse was 
passed through sand and gravel filters of various lengths. Even coarse gravel 
removed over 90 percent of the bacteria in 24 feet, and the most effective filter 
used--24 feet of sand of about 0. 5 mm effec tive size- -reduced bacteria concen­
tr•.tions by a factor of 1 o4. 

A comprehensive study of pollution travel accompanying the injection of 
sewage effluents into a thin aquifer has been performed by the University of 
California (81). The reduction in coliform bacteria with travel distance was 
very rapid, and although the concentrations of bacteria in the injection water 
wer e over 10, 000 per ml, organisms were encountered no farther than 100 
feet from the source. The effective size of the aquifer material was · about 0. 4 
mm. Orlob and Krone (70) used the same injection well in their studies of coli­
form movement through porous media and observed bacteria removals of the 
order of fiv e to ten percent per foot of travel, even at rather high interstitial 
flow velocities (about 20ft/day). 

The movement of bacteria is limited not only by the filtering action of 
the aquifer, but also by the natural die -away which occurs among organisms 
out of their usual habitat. Orlob and Krone measured the die-off of coliforms 
in ground water, and obtained rates ranging from 20 to 70 percent per day. 
Since the velocity of ground water travel in most natural situations rarely ex­
ceeds a few feet per day, the combined effects of filtration and die-away serve 
to make the travel of bacterial pollution for more than a few hundred feet ex­
tremely unlikely. 

Adsorption and Ion Exchange: Soil minerals, especially clays, have in 
varying degrees the property of taking cation s from solution and adsorbing them 
on their particle s urfac es. Montmorillonitic c l ays are most effective in this 
respect, while kaolinic clays are generally the least surface active. The maxi­
mum amount of cation -..:hich a given soil can adsorb is known as the exchange 
capacity of the soil; it is usually expressed as milliequivalents of cation per 
100 gm of dry adsorbent . Exchange capacities not only depend on the crystal 
structure of the mineral and on its total s urface area, but also vary somewhat 
among the differ ent cations which may be adsorbed. Typical exchange values 
for clays would be about 50 meq/100 gm for an average material up to 100 meq/ 
100 gm for Bentonite (a montmorillonitic clay ). Sand and silt have very small 
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exchange capacities and the adsorption properties of soils are due to the 
clay fraction. 

Ions and other materials are adsorbed according to some isotherm; the 
amount of adsorbed substance increases with its concentration in the surround­
ing solution , up to the exchange capacity. Where two or more ions are present 
the proportions of each adsorbed depend on the relative concentrations in solu­
tion , but ther e is also an order of preference for adsorption. Dival ent ions are 
more readily adsorbed than monovalent ones, for example, and if calcium and 
sodium are pr e sent at comparable solution concentrations the adsorbed ma­
terial will be mostly calcium. Thus if a water high in hardness were passed 
through a soil previously saturated with sodium (from prehistoric contact with 
the ocean) , the hardness would be exchanged for sodium. While this process 
might occur in water s which had become hard through carbon dioxide pollution 
near a refuse dump , the probability of obtaining effective softening is not great 
because of the limited and isolated distribution of c lay in permeable aquifers. 

Ion adsorption may have a profound effect on the permeability of soils, 
through the action of ions in the flocculation and swelling of the clay components. 
A case of deliberate reduction of the permeability of a clay pond lining has 
already been described in Section II. The same effect is important in the recla­
mation of saline soils by leaching (82); soils initially containing high concen­
trations of cations are flocculated and permeabl e. However, if the percentage 
of sodium among the adsorbed cations is high, l eaching with low-salt water 
will desorb much of the sodium, and the soil will deflocculate; its permeability 
may decrease by possibly one-hundred fold or more, and any further l eaching 
or draining will be greatl y hampered. To avoid this occurrence the soil may 
be l eached with salty water which is graduall y diluted with fresh water having 
a low sodium percentage and a corresponding l y high proportion of calcium and 
magnesium. Permeability effects might aris e during the flow of polluted waters 
from refuse. Because of the relatively lo w salt concentrations which would 
normally be involved, a polluted water high in sodium might tend to deflocculate 
the aquifer and thus impede its own spreading . However, this would require the 
.;oincidence of a uniformly clayey aquifer s urrounding the dump, and polluted 
water with a high sodium ratio. 

Biological Oxidation: Included among the substances l eached from a 
refuse fill will be organic matter subject to continued biological breakdown. If 
dissolved oxygen is present, the stabilization will proceed aerobically at a fairly 
rapid rate, and wil l be essentially complete in a matter of days or weeks. Since 
the dissolved oxygen concentration at saturation with air is only about nine parts 
per million, whereas the BOD of refuse percolate may be greater than 20, 000 
ppm, the mechanisms of gas transfer from atmosphere to solution will limit 
the stabilization rate unless rapid dilution with oxygenated water should somehow 
be provide d . Experiments have shown that BOD is effectively removed by 
passage through sand in comparatively short distances, even though much of the 
organic matter is in true solution. In Reference 33 it is reported that the BOD 
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of the liquid from wet pit refuse was reduced from 310 ppm to 75 ppm by 24 feet 
of sand, It may therefore happen that the greater part of leached organic 
matter is trapped. within the dump site to be oxidized gradually as oxygen be­
comes available. As oxygen is consumed it will be replaced in solution by an 
approximately equal volume of carbon dioxide, which could thereupon dissolve 
hardness from the aquifer, 

Ammonia and organic nitrogen in refuse percolate are quickly converted 
to nitrate when dissolved oxygen becomes available for the process. While 
some of the reduced nitrogen leaving the refuse may be taken up by organisms 
growing in the aquifer, it will be released sooner or later as the organisms die 
away. Since nitrate nitrogen concentrations greater than l 0 ppm are generally 
considered undesirable in domestic water, the release of organic and ammonia 
nitrogen in concentrations of several hundred parts per million could constitute 
a serious problem. 

Summary of Needed Information 

The nature of the movement of pollution in ground water is rather com­
pletely understood, but the flow pattern in any region depends to a great extent on 
local geological conditions. While basic research in this field is not considered 
necessary to a satisfactory evaluation of the ground water aspects of refuse dis­
posal, it would seem advisable, in considering the suitability of any proposed 
disposal site, to obtain information which would define the risk of downstream 
p·ollution, Included in such data should be the velocity and direction of ground 
water flow, the location of present and probable future downstream wells, the 
probable future ground water levels, and the stratigraphy of the immediate 
site neighborhood. 

In permitting the operation of a refuse dump in an area where there is a 
possibility of ground water pollution, it would seem essential to require the 
regular monitoring of at least one well located at I! short distance downstream 
from the site, in order that remedial measures may be taken in time should 
pollution occur. In addition, it would be prudent to establish beforehand what 
remedial steps are likely to be effective in case they should be necessary. A 
promising procedure is to confine the polluted water by pumping wells within 
and downstream from the dump, and in this connection the necessary spacing 
and pumping rate of such wells should be determined. 
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VI I. RECOMMENDATIONS 

Summary 

The principal processes involved in the introduction of undesirable sub­
stances to the ground wat er through the agmcy of refuse dumps are considered 
to be infiltration and percolation, refuse decomposition, gas production and 
movement, leaching, and ground water . travel. 

The amount of water whic.h enters a refuse fill from the surface will be 
governed by the rate of water application, the nature of the refuse cover, and 
climatic conditions. In Southern California refuse dumps having unirrigated soil 
covers do not seem to transmit surface-applied moisture in quantities sufficient 
to cause noticeabl e pollution. In areas of higher precipitation the percola-
tion of rainwater through refuse has definitely been observed, and estimated water 
balances indicat e that heavy irrigation and occasional years of high precipitation 
may produce substantial percolation through permeable dump covers even in 
Southern California. The appearance of percolation even under such adverse condi­
tions may be delayed for years because of the high moisture-retaining capacity 
of combustible rubbish, and because the heat liberated in the decomposition of the 
refuse may accelerate evaporation . Research is needed to determine what neces­
sary and sufficient measures will limit percolation to an acceptable quantity. 

Refuse contains mineral and organic substances in quantities capable of 
seriously damaging underground water supplies. The organic matter of refuse 
will undergo aerobic and anaerobic biological decomposition, and produce large 
volumes of carbon dioxide and methane gas. Carbon dioxide can seriously degrade 
ground water by dissolving calcium, magnesium , iron , and other substances which 
are undesirable at high concentrations . At present it is not possible to estimate 
reliably the rate at which carbon dioxide will be produced in buried refuse, and 
basic research is indicated to obtain quantitative information. 

Decomposition processes and rates are believed to be closely connected 
with the circulation of air and gases of decomposition through the refuse fill. Gas 
movement can occur by displacement when there is a net production or uptake in 
the refuse, and by convection due to differences in gas density. Density varia­
tions may a rise when portions of the refuse atmosphere receive heat liberated in 
the decomposition process, and when the gas produced has an average molecular 
weight different from that of air. However, the most effective transfer mechan­
ism is molecular diffusion; the diffusivity ci. a porous medium is relative indepen­
dent of the particle size, so that gases may diffuse readily through some material s 
of low permeability. Therefore, in preventing carbon dioxide from moving into 
the underground, methods which involve its removal to the atmosphere by 
encouraging draft or ventilation may be more effective than coatings to decrease 
permeability of the disposal pit surfaces. The testing of methods to limit gas 
penetration are of 'prime importance; they should be supplemented with basic 
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studies to determine quantita tively the nature and extent of underground gas 
movem ent . 

Available information on leaching indicates that p e r col ate from hous e hol d 
refuse can c ontain high concentrations of organic m a tte r and mineral salts. The 
substances most likely to prove objectionable if percolate enters a ground water 
supply with inadequat e dilution are hardnes s, iron, nitr ate, and t otal dissolved 
solids. Sulfides and organic matte r may a lso caus e problems if the leached sub­
stances are pumped out too soon after entering the ground water. Whil e the 
general magnitudes of the quantities of l eachable substances in refuse are known, 
it has not been establ ished how their rate of extraction depends on the rate of per­
celation. This type of data is nec e ssary to permit setting maximum limit s on the 
amount of percolation which may be permitte d to pass through a dump site . 

The extent of possible movement and diss emination of polluting materials 
in the ground water itself has been demonstrated by various tracer experim ents , 
and by many actual pollution incidents, some of which were directly due to r efuse . 
The lateral dispersion a nd consequent dilution of carried materials is more effec­
tivel y accpmplished by nonuniformitie s in the water-bearing strata than to random 
velocity variations through the pores of the sand. Information con cerning the 
velocity and direction of the ground water motion in any proposed dumping area 
will give some indication of the pollution pa ttern to be expected downstream from 
the dump being leached. However, in view of uncertainty as to the future develop­
ment of downstream areas, it would seem pr eferable to a void serious pollution at 
the dump itself, rather than depend upon th e dilution during flow to diminish any 
quality impairment. 

There are apparently only thr ee basic mechanisms b y which solid refuse can 
impart undesirable qualities to the ground water : (1) dir ect h orizontal l eaching of 
refuse by the ground water, (2 ) vertical leaching by percolating water, and (3 ) the 
t r ansfer .of gases produced during refuse decomposition by diffusio n a nd conv ec tion. 
The results of direct leaching are now approximately known, and are such that 
direct contact of refuse with the ground water could b e tolerated only in full v i ew 
of serious downstream water quality deterioration. More research will b e neces ­
sary to determine precisely what precautions must b e taken to avoid ill effects 
from vertical leaching, but it is fairly certain that pollution by this means can be 
averted at any stage of percolation up to the time the pollutants haye ac tually 
reached the ground water level. This is true b ecau se infiltrating moisture moves 
at an appreciable rate only when d'rfven by overlying dampness, and if pen etr a tion 
from the surface is curtailed by means of a well-maintained impervious coating or 
layer, the moisture profile will become essentially frozen. (Perched water 
entering the refuse through the pit wall is a possibility that probably can be fore­
seen from consideration of the permeability of the strata intersecting the pit, and 
of th e probable adjacent l and use with r esp ec t to water a pplication.) The remain­
ing possible pollution mechanism--gas transfer--may b e very costly to abat e once 
refuse has been deposited, and it is therefore r ecommended that research priority 
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be given to obtaining information on quantities of gas production, mechanics of 
gas flow around refuse fills, and on proposed methods for diverting refuse gases 
out of the ground. 

Recommended Research Projects 

The values at stake are enormous, both in terms of the storage capacity 
and concomitant security of the ground water r e servoirs and in terms of the poten­
tial land reclaimed for re-use through landfilling and savings to the community in 
reduced costs for refuse disposal. Studies should be designed not just to minimize 
the hazard, but, if possible, to eliminate completely the risk of exposure of the 
ground water to damaging pollution. 

The following specific projects are recommended, and are listed in order 
of priority. 

l. Gas Production Quantities. The objective would be to measure the volume, 
composition, and produc tion rate of gases from decomposing refuse. In order to 
obtain results which may be transferred to field conditions, it will be necessary 
to carefully control the decomposition process and to accurately measure the vol­
umes, and for thi s reason, the work could be carried out most effectively in labora­
tory scale units. The procedure would be to decompose selected refuse in closed 
containers unde r various representative conditions of moisture, temperature, and 
air admission. The gases produced would be collected or somehow measured, and 
analyze d at regular intervals. 

The data obtained would permit assessment of the gas quantities to be expec­
ted in a full-scale dump of any description and would provide a basis of design for 
prevention and control measures. The cost of a satisfactory laboratory study is 
estimated at $2 0, 000 to $25, 000, and one to two years would be required for com­
pletion. 

2. Observation of Gas Movement. It is suggested that a revealing and yet 
simple way of following the spread of gas out of a fill would be to sample the soil 
atmosphere at selected points beginning when the dump is first put into operation. 
In this way the change in composition as the refuse gas replaced the soil air would 
indicate the characteristics and magn'itude of gas motion. Samples under the dump 
and around the edges could be taken from well points which might be moved when­
ever they were engulfed by the advancing gas in order to be constantly measuring 
a changing atmosphere. Within the refuse samples could most easily be taken 
through tubing of plastic or other non-corrosible material placed in the refus e at 
the time of filling. The results would indicate to what extent and for what l ength 
of time measures to restrict gas production and movement should be applied. 

Because of the difficulty of placing well points in cobble -filled ground 
surrounding gravel pits, the installation cost would be high; it is estimated that 
$25, 000 to $30, 000 would b e required for satisfactory sampling coverage in the 
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first year, In subsequent years it might prove desirable to reduce the number 
of sampling points and analyses. 

3. Control of Gas Movement. Since the only known mechanisms of gas 
transfer are by mass flow and diffusion, measures taken to control outward gas 
movement from a dump must be based on adjustment of the permeability and diffu­
sivity, or of the gradients of pressure and concentration. For minimizing the diffll.~ 
sivity and conductivity of dump sides and bottom, the use of some coating or layer 
is indicated, and the questions to be resolved are those of cost and durability. 
Research in this respect would involve placing the proposed l ayers in representa­
tive sections of operating dumps, with provision to detect the subsequent transmis­
sion of gases. Alternately, in order to isola t e the dump area being treated exper­
imentally, the tests might be carried out in small pits specially excavated . 

Possible techniques for relieving or reversing gas pressun and concentra­
tion gradients include the encouragement of ventilation through the use of gravel 
chimneys, relatively porous soil covers, and forced draft by means of blowers. 
There is a good possibility that the rate of refuse stabili zation in a fill could be 
greatly accelerated by supplying oxygen at a rate sufficient to maintain an aerobic 
state. The use of blowers and piping to introduce air at the · bottom of the refus e 
might be tried in conjunction with ventilating arrangements. Whatever the proce­
dures tested, they should be provided with appropri ate control determinations so 
that any benefit can be quantitatively estimated, and data should be taken in such 
a way that a balance can b e made on the gas produced. 

Costs would depend heavily on the scale or the experiment, but probably 
about $50,000 would be necessary for the installation , and $15,000 to $20,000 per 
year after the initial work for continued sampling and analyses . 

4. Leaching Studies. Present availabl e information on leaching does not 
demonstrate the effect of flow rate on the rate of extraction . This data is neces­
sary to establish permissible percolation rates, and it is recommended that pilot 
plant-type experiments be performed for such purpose . The data s hould be taken 
for a period of years, if necessary, in order that it be applicable to dumps which 
are gradually filled, and therefore contain refuse which has b een leached to vari-
ous .degrees. Of particular interest would b e the results at the very low flow rates at 
which vertical leaching in Southern California may be expected to occur. 

The cost would b e of the order of $10, 000 for the installation and $25, 000 to 
$35,000 per year for operation, sampling, and analyses . 

5. Monitoring of Field Moisture. The imminence of vertical leaching can 
be detected by monitoring the moisture content of the buried refuse. Downward 
moisture movement could be investigated conveniently by installing tensiometers 
or other moisture detecting devic es in a fill as it is b e ing placed. The coverage 
of the fill area with detecting devices should be ample to a llow for inevitable non­
uniformities of moisture movement . The likelihood of percolation when the fill 
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surface is irrigated could also be investigated; in this case the tensiometers should 
be installed in an isolated small pit t o which any surface water applied will be con­
fined. 

The cost of installation would be about $10, 000 to $15, 000. About $10, 000 
per year would be needed for operation when active experiments were underway, 
and about $5, 000 per year for monitoring only. 

6. Prevention of Percolation. While studies of infiltration capacity and 
precipiation intensity would be useful in estimating the amount of percolation to 
be expected in any refuse fill, a more immediate need is developing techniques 
which will maintain percolation at a minimum regardless of future weather condi­
tions and land use. The most promising method appears to be sealing of the pit 
bottom with clay or oil, with provision for drainage and removal of percolate 
by pumping. The work could probably be performed in cooperation with a public 
agency, which could provide space in an operating fill and possibly could construct 
the experimental installation. The operating cos t would thus be about $10,000 
to $15,000 for one year. 
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APPENDIX A 

HEAT BALANCE IN REFUSE COMPOSTING 

Analyses: 

Ash 
Carbon 
Water 
Temperature 
Average Temperature 

Assumed R eaction: 

Necessary Data: 

Heat of Combustion of Starch 

Heat of Vapori zation of Water 

Specific Heats 
Nitrogen 
Carbon dioxide 
Refuse solids 
Water 

Mole Weight s 
c 
N2 
C02 
H 20 

C6H1o05 

Basis of Balance: One gram of dry material. 

Perc ent Carbon Destroye d: 

1 - (31) (24 ) 
(35 ) (38 ) 

Weight Carbon Destroyed: (0 . 43) (0 . 35) 
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o/o Dry Weight 
Beginning End 

38 
31 
65 
68°C 

4, 100 calories /gm 

540 calories I gm 

0 . 25 
0.20 
0.33 
1.0 

12 
28 
44 
18 
162 

43% 

0. 15 gm 
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Net Water Los s : 

1 - (65 ) (24) 
(98 ) (38) 

wate r Produced: (0. 15) (5/6 ) (1 8/ 12 ) = 

T otal Wa t e r E xh au sted: (0. 98) (0 . 58) + 0 . 19 = 

Ave rage Wa ter Content: (0 . 98 ) (1 - 0 . 58/2 ) 

Solid s Des t roye d: 0. 76 1 _ (62 ) (24) 
(7 6 ) (38) 

Average Soli ds Cont e nt: l. 0 - 0 . 37 /2 

o,cygen C on s umed: (0. 15/12 ) (6/6 ) = 

c a rb on Dioxid e Produced: (0 . 0 125 ) (44 ) 

Nitrogen E xha u sted: (0. 0 125 ) (7 9/2 1) (28 ) 

Heat Lib e r a t e d 

Heat of Reac ti on: (0. 15 ) (1 62/62 ) (4 100) 

Heat L osses 

Wa rming R efuse : 
Solid s (0 . 82 ) (0. 33 ) (68-1 4) 
Wa ter (0. 7 0) ( l. 0) (68- 14 ) = 

E xh a ust Heat: 
C0 2 (0 . 55 ) (0. 20) (58- 14 ) 
N2 (1. 32 ) (O . 25 ) (58 - 14 ) 

T ot a l H eat L oss: 

Un accounte d Heat Loss 

1390 - 483 
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5 8 % 

0. 19 gm 

0. 76 gm 

0. 70 gm 

0. 37 gm 

0 . 82 gm 

0. 01 25 m ol e s 

0. 55 gm 

l. 32 gm 

139 0 cal 

15 cal 
38 cal 

5 cal 
15 cal 

483 cal 

907 cal 
65 % 
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