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ABSTRACT

A nine month field and laboratory study was undertaken to
measure, predict and model the variation of detected ammonia
concentrations in landfill gas. An additional side study
attempted to characterize organic trace éontaminénts found in
landfill.gas,

The field project consisted of biweekly sampling of gas
extraction wells from four Vancouver-area landfills for the
analysis of NH3-N in the gas and leachate. Methane and other
common iandfill gases weré also analyzed. ‘' The wet chemical
boric-acid sampliﬁg technique used in this study was estimated to
have a .ammonia_gas recovery _efficiency of 50 $. Other than a low
recovery efficiency, problems encountered with this sampling
technique wés the high humidity and negative interferences
inherent in the landfiil gas. bLaboratory analysis of the
collected NH3—N gas samples was by the automated phenate méthod,
which could detect.NH3;N gas concentrations greater than 10 ppb..

The NH3—N concentrations in gas were foﬁnd to excéed 600
ppb, but were more commonly in the 50 to 200 ppb range. In the
statistical and graphical analysis, gas temperature and
precipitation were found to correlate.the most to the variation
in ammonia‘gas conéentration, while leachate ionic strength
correlated strongest with mést CH4 % analysis. Prediction of
both NH,-N gas and CH4 % by regression analysis was found to be
suspect due to low R? values and non-normality of some data.

Four different Henry's Law constants of ammonia gas were
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evaluated to help predict the concentration of NH;-N in the gas

phase. The combination of already measured NH.,-N leachate

3
concentrations and HenrY's Law constants yielded results that
over and underpredicted measured NH3~N gas data by 2000 fold or
more. This leads the author to believe Henry's Law may not be
applicable in a landfill environment due to non-equilibrium
conditions coupling with various other reaction mechanisms.
Comparison of landfill ammonia gas flux rates with total»
ammonia leachate flux rates in £wo’of the four landfills yielded
an insignificant gas flux rate of‘less th;Bf0.03 % of the total
leachate NH3?N fluxes. The NH3—N gas flux results were
calculated from a spreadsheet emission model employing both
convection and diffusion flow through the landfill cover. A
comparison of the emission model results for the 20 ha Richmond
landfill study area (3.862 kg/yr) comparedbfavorably to the mass

flux results determined from a simple gas generation mass

balance model.
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' CHAPTER 1

1.  INTRODUCTION

1.1. BACKGROUND

Most landfill gas research has concentrated on studying the
:dynamics and movement: of methane gas..~Studies of this nature
have mostly focused at a lysimeter?scalel; Recently, a portlon of-
this research has sh1fted 1nto the- f1e1d sampl1ng actual
- landfill gas,'malnly for the purpose»of quant1fy1ngvand
Characterizing the trace gas'components; primarily the organic
'contaminantgfractlon. This study_does characterize volatlle'
organic contaminantslin samples,“but'concentrates mainly°onlthe_
analysie-oflan lnorganic‘component, namelyvammonia gas;‘. |
, Very_feWainvestigations.haVe‘documented‘afrelease‘of ammonia
) gas from landfills;r Authors such as Tanasc1 (1982) and Farquhar
- and Rovers (1973). mentlon ammonla as a trace component in.
'landflll gas, but present no quantltatlve measurement to
substant1ate their clalm. Ham (1979) reported a. concentratlon of

0.71 ppb of NH —N in the landflll gas condensate, but does not

3
mentlon the’ analytlcal techn1que used to determ1ne this
”concentratlon,_ The most promlslng study was by Wlnter (1979) who;l
B reported concentrat1ons of 0 to 350 ppb in landflll gas.gf'va
:Unfortunately, Wlnter s report does not mentlon the analyt1cal
’technlque used. - _
| Al—Omar et al (1985) reported that. atmospher1c mean and

. maximum NH3 N levels of 13 ppb to 174 ppb were measured around an

open dumpv51te in Baghdad, Iraq.7 Ham (1979) ment1ons that_the
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BKK co- dlsposal 51te in West Cov1na,vCA has con51dered
construction. of ‘an ammonla synthesls plant in-line with. the1r_-
planned landflll gas collectlon system.,
| Whlle there have been numerous studies done on est1mat1ng
the mass flux of NHBjN fromvlandflll”leachate‘(Cameron, 1979,
_Atvater,_1980 and'Jasper and Atwater,bl985) tOvthisbauthor‘s'
_knowledge, there have been no prev1ous attempts to estlmate the
mass flux of ammonia lost through the gas phase. ThlS loss could'
concelvably_be_s1gn1f1cant ;f thevproper chemlcallcond1tlons |
’Hfavoring ammoniaAVOIatilization (ie,‘high pH, uhigh temp,fhighlfv
NH,-N in leachate) were appparent in the landflll .In a'recent-f;'

'lpaper (Bacc1n1 et al., 1987) Sw1ss researchers have est1mated

o element mass fluxes from both the landf111 leachate and gas in an

’attempt to correlate these element'fluxes to relat1ve landf1ll
.age. While.BaCcini et al.;preSents‘an.estlmationvfor leachate

'_nitrogen flux, he:fails to‘estimatebthe nltrogen‘fiun_lost'.'
_through_theigaS'phase-via‘ammoniahvolatllization;_7

1.2, OBJECTIVES OF STUDY

- This study was undertaken to 1mprove the data base:
‘concernlng trace components in landflll gas and to determlne
whether the ammonia gas flux constltutes a substant1al percentage'
of n1trogen flux: through a landf1ll Includlng the above, the»
.ob]ectlves of this study are l1sted below-‘A o 7 .

AQ» To develop a 51mple, fast and rellable analyt1cal

"-vtechnlque to measure the concentratlon of NH3 N in landflll gas.-

Investlgate the factors that could affect the temporal
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variation‘of'NHé-N and methanekconcentratlons in~1andfilllgas:fe
C. Develop a statisticaIVmodel to help=predict NH,-N
concentratlon and methane percent from collected data.

'D; Determlne whether one can apply documented values of
; Henrys Law constants_to pred1ct NH3-N‘gas concentrat;ons g1ven‘a
known Nh3—N concentration’in'the-leachate;

E. Determlne if”NH3—N mass flux in‘the landfill’gas ls a
'e,substantlal flux component when compared to known mass fluxes of -
NH3 N in leachate..' ‘ | | | |
. F. Determlne qual1tat1vely the types of organ1c'

>contam1nants that exist in the landflll gas.;g

1.3, SCOPE OF INVESTIGATION

To. sat1sfy the above object1ves,_a nine month fleld and

'laboratory prOJect was undertaken beglnnlng in July, 1987 and

>',f1nlsh1ng in early Aprll of 1988 - The length of the study perlod

. was governed by one; ‘the attempt to monitor the landf111

env1ronment durlng a full seasonal change and tw0° to gather-V
:enough data to get 15 sample perlods from each landflll -The,

. fnumber of sample perlods was con51dered optlmal for do1ng the
”statlst1cal and mode111ng study dlscussed later in’ the thes1s.

The fleld study cons1sted of sampllng gas extractlon wells

for leachate and ‘gas at four Vancouver-area landfllls.‘eThe

samples were taken b1 weekly from each landf111 'Other‘data

‘taken durlng.fleld sampl1ng 1ncluded water levels,,static"gas;v

Hflow, air, gas_and,leachatebtemperature, pH of the»leachate, and

 barometric pressure. = The trace organic contaminant fraction of



~ the landfillbgas'was’sampled by Tenax GC'traps during three
sample date The four landfllls studied were Matsgui, Str1de.
’Avenue, R1chmond and Premler Street. The reasons these four‘
flandf1lls were selected are stated below:
hle. Landfllls were completed and access1ble by automoblle..f'
..B;' Landfllls had acce551ble gas collectlon wells for
leachate and gas sampllng A
C. Collectlon wells had 1nd1v1dual shut off valves to
isolate from any on- g01ng system vacuum whlle sampllng
R D. Landfllls had a varlety of cover mater1al
_E.‘ Landf1lls had a var1ed age and construct1on h1story.
The laboratory study con51sted of analyz1ng the gas and
‘rjleachate values for CH4,
';gas; NH3—N and spec1f1c conduct1v1ty in the leachate.. Also,;"”

COz, sr Oy percentages,‘NH3—N in the ;'

"analys1s of the non- metal constltuents from each leachate-d _
yconta1n1ng sample well was done tw1ce durlng the study. dThe

leachate was analyzed for alkallnlty, COD, total and organlc

carbon, total volatlle ac1ds,‘and total and volat1le SOlldS. Theh
ammonia gas samples were analyzed by the automated phenate L
dmethod : After sampllng, the trapped landflll gas organlc'
,contamlnants were analyzed by a GC/MS

The’ collected data was analyzed in three d1fferent steps

beglnnlng w1th the graphlcal and stat1st1cal analy51s. In the =
stat1st1cal analy51s, collected data was checked for normal
d1str1but10n and further:analyzed by product—moment correlation,l'

" ~and bivariate and multiple regression. This was done in an
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attempt to eVplaln or predict the temporal and spatlal var1at1on
of NH3—N.and CH :1n landf1ll gas. The second step attempted to
‘compare four: different ammonla gas Henry's Law constants. fori f
pthelr potentlal to be used as a pred1ct1ve tool for NH3 N gas
-when the NH3—N leachate concentratlon is known., The last step )
was to estlmate landfill NH3- N mass fluxes from the gaseous phase‘
through a s1mple emission model and compare these est1matlons
~with documented est1mat1ons of NH3—N mass fluxes 1n landflll ‘
leachate;i This analeis was‘attempted to observe if anyi‘
substantlal proportlon of- NH3 N was belng lost 1n the gas phase

',relatlve to the mass lost in the leachate.

1.4. SCOPE OF CONTENTS

1.4.1. LITERATURE REVIEW
A large l1terature rev1ew was undertaken in th1s the51s o
because of the: breadth of top1cs that had to be addressed |
Tconcern1ng landfill" gas and, ammon1a movement in. landf1lls.

"~ The 11terature review flrst descrlbes some ba51c‘

character1st1cs in landf1ll leachate and gas. The review then‘

f'.proceeds 1nto a detalled dlscu551on of the b1ologlcal and

-phy51cal factors affectlng decomp051t10n and resultant landf1ll
*.gas product1on. Technologlcal aspects of gas recovery.systems‘iV
are then brlefly presented |

The f1nal portion of ‘the 11terature rev1ew.focuses pr1mar1ly
on dlscu551ng the propert1es, sources, 51nks and mass transfer of
"_ammon1a within the landfill env1ronment.h | |

1.4.2. SITE DESCRIPTION AND HISTORY
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Presented in this chapter are descrlptlons of the landflll
locat1onv .and the phy51cal and hlstorlcal aspects of each one. A
‘section is devoted to describing each of the-landf1ll s gas
:extract1on system and why certaln wells were chosen to sample.

l;4.3. METHODOLOGY

In detail the field laboratory and- statlst1cal methods
used in' the study are dlscussed in this chapter. |

1.4.4. DISCUSSION OF RESULTS

Beginning this chapter, . is a discussion'of*theidata-from~the-
analysis of the NH.-N-gas analytical technique.o‘Included'arelthe_
o results'from determining_interferences, detect1on l1m1t
'frecovery\efficiency'and laStly; an evaluatlon of the pract1cal1ty

-of - thlS techn1que.5_" ' »
? Follow1ng the analytlcal dlscuss1on is a graph1cal and
stat1st1cal presentatlon of all data w1th ‘the empha51s on how

varlous parameters control NH3 N and CH gas concentrat1ons 1n-

4
‘landf1lls. Immedlately follow1ng the'above is a-brlef sect1on
l‘present1ng the results of the organlc trace study on the sampled
hlandflll gas. . | K
Follow1ng the trace organ1c results, are dlscusslonsvabout’~9
the last two study object1ve5° comparlson of Henry's Constants

land estlmatlon of NH.-N gas fluxes

3 .
1.4.5. CONCLUSIONS AND RECOMMENDATIONS.

1.4.6. REFERENCES .

1.4.7. APPENDIX
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CHAPTER 2

2. BACKGROUNDIAND-LITERATURE REVIEW

2.1. LANDFILL CHARACTERISTICS

2.1.1. LEACHATE PRODUCTION

The majorlty of landf1ll leachate 1s generated

4after the mo1sture hold1ng capac1ty (fleld capac1ty) of the fi
refuse is exceeded. Th1s usually happens durlng prec1p1tatlon
L’infiltration; -Field capac1ty of refuse has been studied in
ly51meters and has units of e1ther $ m01sture content (Metry,
1980 found 40 6) or amount of prec1p1tatlon one has to apply at
:the surface to reach f1eld capac1ty in a g1ven depth of refuse
'hmaterlal Qa51m and Burchlnal (1970) found that about 13. 5 cm ofu?
Awater could be placed per meter depth of refuse above the |

o refuse»s ex1st1ng<m01sture content Landflll leachate 1s also

o produced from groundwater 1ntru51on water from m1crob1al

Ldecompos1t10n and appllcatlon of llqu1d waste materlals llke
‘Lf chemlcal sewage or septlc sludges. - |
| | Factors that affect landflll leachate productlon 1nclude
follow1ng prec1p1tat10n, ‘mean annual temperature, |
fr‘evapotransplratlon :runoff landf1ll cap mater1al (e g por051ty;
jpermeablllty, f1eld capac1ty) *refuse dens1ty,;1n1t1al m01sture

content in refuse, and depth of landflll (Leck;e,'1979),‘»‘

,L 2.1.2. LANDFILL GAS PRODUCTION

"2}j.2.1; 'DECOMPOSITION OF REFUSE

Once solld wastes ‘are placed in. landfllls, aerob1c

'blologlcal act1v1ty 1mmed1ate1y beglns to degrade the organlc
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waste fraction. This aerobic phase resultslin acCelerated waste
.consolidation high 1nternal temperatures and produces large -
volumes of carbon lehlde gas and degraded re51dual organlcs
‘(Ham et. al 1979) ThlS CO2 gas "bloom" was f1rst referred byvd
‘Eng1neer1ng Sc1ence (1961) and can reach up to 90 ; volume 1n'
~ .this 1n1t1al phase. | | | |
This aerobic phase'lasts?for;a short.period‘of'time as an
”okygen'deficit'builds'up creating semi?anaerobic'conditionsf'
:condltlons which facultatlve anaerobes can then beg1n to
metabollze and grow.'T A | |

The dom1nant anaeroblc phase beglns shortly thereafter when»
7 a fauna of obllgate anaerobes reach large numbers w1th1n the
refuse. Th1s longstand1ng anaeroblc phase 1s character1zed by th
fLawrence and McCarty (1964) as 1nvolv1ng three phases of>
'blologlcal act1v1ty from two phys1olog1cally ‘different bacterialti
v'populatlons (Toer1en and Huttlngh 1969) ~ The: three stages are
;hydrolys1s, ac1d format1on, and methane format1on.nb |
" The flrst bacterlal populatlon is referred to as the non-,
‘methanogenlc organlsms and are respon51ble for the flrst twov
: stages of hydroly51s and ac1d formatlon. These anaerobes :
hydrolyze and metabollze the organlc refuse substrate of B
carbohydrates,_fats, protelns and cellulose by‘thelr own enzYmes»"
1nto end products of malnly saturated fatty ac1ds ‘with lesser
' amounts of carbon dlox1de,‘ammon1a, alcohols and ketones (Toerlen
-and Huttlngh 1969) ) Songonuga (1969) 1dent1f1ed the . ‘main |

endproduct ac1ds to be acetlc, proplon1c, butyrlc, valerlc and
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caproic when sampling refuse after 2eyéars of emplacement. - The
ndiSSociated forms of these acidsicould account for approximately

75 % of the anions found in a glven leachate (Songonuga, 1969).

Bacillus and more llkely Clostr1d1a sp. appear:to be the dominant
non-methanogen fauna'(Thompson, 1969). . | | |

e'As'thesevhydtolyzets continue to solubilize'salts,and
organic material, the alkalinity increases enough'todwhere
methanogens can slowly assert-themSeives;1~Therbacteria'active in
thlS stage are generally con51dered to be from the genus,

Methanobacterlum, which requ1re strlct anaeroblc condltlons and a

. redox potentlal (Eh) of less than -200 mv (Farquahar and Rovers,

1973). - These methanogens obta1n energy for growth from two
reactions, The'flrst is methane formed by an elghtfelectron.f'
,teduction of>COé by Hzfgas; which oroduces;ampie energy_ford
dgrouth as'indicated by a'negative'standard'free energy change.of'
~136 kJ/mol (Large, 1982) The second reactlon 1nvolves the_

cleavage of acetlc ac1d (CH COOH) 1nto CH and CO by acetate

4
‘decarboxylatlon (Farquhar and Rovers,_1973).' The two reactlons
,are shown below':. | _ | “
| | .COZ“Reduction  fCOé.+ 4ﬁ2ff4:> CH#h#dészhftdi.h-
'Acetate‘Decarboxylation "u2CH3COOH‘———> 2CH4'+h2C02

From studylng results on anaerobic, dlgestlon of sewage, .
.usludge, Zehnder (1978) concludes that about 70 of the. methane
'produced orlglnates from acetate decarboxylatlon whlle the other

30 %:15 derlved‘from CO2 reductlon (from Schumacher,‘1983)
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2.1.2.2, TEMPORAL STAGES IN GAS PRODUCTION

Farguhar and Rovers (1973) designed a graphical presentation
of.their four stages in gas production. This is shown in Figure
2.1 where gas composition is a function of time after refuse
emplacement. This conceptual gas production model assumes that
an anaerobic énvironment_could be achieved and maintained after
refuse emplacement. The four phases identified were: I Aerdbic;
I1 Anaerobic Non-Methanogenic; III Anaerobic Methanogenic
Unsteady; IV Anaerobic Methanogenic Steady.

FIGURE 2.1 - Landfill Gas Percentages as a Function of Time

( Figure modified from Farquahar and Rovers, 1973)
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Completion time for phases I,II and III varies from as

little as 180 days (Ramaswamy, 1970) to 500 days (Beluche, 1968).
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In the steady state phase IV, landfill gas concentrations are
generally around 55 % CH4, 40 % COZ’ with the rest being N2' 02,
H,, Argon, ammonia and other trace gases made up mostly of .

hydrocarbons.

2.1.3. FACTORS AFFECTING DECOMPOSITION AND GAS PRODUCTION

2.1.3.1. REFUSE COMPOSITION

‘Composition of refuse will affect the landfill decomposition
rate, relative percentages of CH4 and Co,, and methane production
rates. There are large variations in refuse composition as a
function‘of geography and lifestyle. Table 2.1 presents some
common refuse compositions from mostly around North America.
The most readily dégradable pbrtion of refuse are the sum of
putrescibles (Food + Garden Wastes); paper, cloth, and fines
"which in Table 2.1, generally account for 70--'75 % wet weight of
the refuse fraction.

TABLE 2.1 - Spatial Differences in Refuse Compositions

Haifa Sonoma Pennsyl- Waterloo Northham. U.S. - Davis West Laf. Vanc. Cincinat.
Israel Calif, vania Ontario England Average Calif. Indiana B.C. Ohio
ITEM Raveh Leckie Remson Rovers. Rees Smith Jchobanag Bell Bird & H. Pfeffer
{1979} (1979) {1968) (1973) (1980) (1978) (1877) (1963) (1978) (1974)
PUTRESCIBLES 54.7 21.1 15.0 34.9 24.8 28.8 23.8 24.0 25.0 25.0
PLASTICS 4.4 4.6 3.8 3.2 4.8 6.5 2.6 2. 2.2 2.0
PAPER AND CLOTH 30.6 42.3 59.4 41.4 38.7 38.4 50.5 42.9 38.9 49.0
w000 3.2 1.0 4.2 1. -- 3.7 . 3.5 » 2.4 14.9 2.0
METALS 3.t 9.0 7.5 7.1 6.9 10.1 11.0 8.0 8.2 8.0
GLASS 3.0 0.9 8.5 12,1 8.2 10.0 7.5 6.0 7.2 6.0
FINES -- 8.3 - 1.7 0.2 12.3 .- .- 1.0 -- 6.0
INORGANIC : .- 2.8 0.9 .- - 1.5 - 1.1 3.1 -- 2.0
UNCLASSIFIED . oo .. -- 4.3 .- .- 0.5 3.6

Note: PUTRESCIBLES include food and garden waste

* Inert was considered UNCLASSIFIED waste items
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In the future, as more. plastlcs are produced there uill be"
a lesser proportlon of readlly degradable refuse avallable to the

bacterla.v Theoret1ca1 product1on of CH andCO2 gas can be

4
estimated from»an elemental analysis performed-on the refuse,
~This isldone by'eitherjcalculatinthhe volume production.of gas' .
per massgof-component_(e,g.'carbohydrates, fatsf proteins; etc.)
(See Emcon.Assoc.; 1980),'or byvestimating'a volume or molar’
.percentage_of'gas'fromla given empirical formula, ;Some empirical
formulas found*or calculated from’thelliteratUre areypresented in
'.Table 2. 2‘ Inspectlon of thlS table shows a falrly constant

ratio between H and C which is- 1n contrast to the ratlo of these

'.,two elements and n1trogen. ‘ThlS w1de range of-stochlometr1c

',rat1os is a resultant of the w1de var1atlon 1n the refuse

]‘comp051tlon reported by these authors.v Th1s dlfference could
have a’profound effect onvhow much ammonia w;ll exist in thef'
landflll leachate and gas phase.‘

TABLE 2. 2 - Refuse Emp1r1cal Formulas Obta1ned From the ‘
therature. o o e

REFERENCE EMPIRICAL FORMULA
Rees (1980) Gy Mgy O N
Tchobanoglous (1977) : . Cgy H84»O39 N,
.Glbs_(1982) after Bell (1963) o C84‘Hi20:053,N1.
Emcon Assoc. $1989?j N . Cgg Hyuq Ogg Nl

Estlmatlng the volume percentages of gas can be done by .

subjecting an‘emp1r1cal waste formula (Ch N ) to complete
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anaeroblc degradatIon of end products of CH4,_COé; cell’material,
ammonia and b1carbonate alkallnlty (Emcon Assoc., 1980). ‘Thisr'

reactlon is shown below:

b c

(de/8)CH '+ (n -c -.sa/5 - de/B)CO, * (sd/20)C5H702N

C.HON_ + (2n + c - b - 95d/20 - de/4)H,0 =

+ (c ->sd/20)NH + 4 (c - sd/20)HCO3—

Where d =4n + a - 2b - 3c
: . s = the fraction of COD syntheSIZed or
- coverted to cells (= 0.04) . _
e = the fraction of COD syntheSIZed or

‘converted to CH (1 - s)

| 4
2.1.3.2. NUTRIENT AVAILABILITY

Somewhat related to*refuse composition,ls the avajlability
:ofhnutrientS'for blological'uptake. Nutrients_important for h_
' landflll m1crobe growth Include- _ammonia‘nitrogen,hsoluhle-I“.
phosphate, organlc nItrogen potassiUm; sulfate:andvvariousz
' trace elements._ Ramaswamy (1969) concluded in hls’investigatlonf
dthat the maximum gas productlon occurred in. refuse where ‘N, P and
;K were-'.86 0.31, 0.23 percent respectlvely The N value lS
v'close to the value of 1. 70'%'reported by . Alexander (1931) for
pmax1mum decomp051t10n of organlc materlal In SOllS. |

A common measure used to” explaIn nutrIent ava11ab111ty,
the C N ratio of the refuse.' USIng data from anaeroblc
'dIgestors, Sanders and Bloodgood (1965) found C:N ratlos for
optImal methane productlon of around 16-1 However, from' data
'presented'ln landell studles,vthIs C:N ratioffor optImal‘methane
productionkis’much”higher;‘ Onedreason landfill bacteria mightf

tolerate thIS’higher ratio could stem from genetic adaptation.:



DobSon (1964) found varlatlons of C:N from 34°1 '"l04-1 in

"samples from the Falrmont West V1rg1n1a landflll (Thompson

1969) | |

. Clement (1981) concludes that ‘a commonly found rat1o of "

)‘”COD.N.PAof 100.0.44.0.08 for optlmal gas productlon is not

. satisfied in.landfills for soluble.P and concludeS‘that‘lowery‘

rates.of.degradatfon'will probably occur. ‘Inicontast Rees
-”(1980) demonstrates through a mass- balance approach that N and P
- are present in access and do not l1m1t ‘the- growth of landflll
tm1crobes, even w1th C:N ratlos in excess of 50-1 jRees (1980) :

'_'concludes that if an N or P llmltatlon ex1sts, there;would«bek
.near zero concentratlons of ammonia and P in landflll leachate,
ywhlch 1s not common 1n most landflll leachates.- o .

Even though sulfate has been demonstrated to" be an essentlal
~element if present in excess amounts, it can have an 1nh1b1tory
effect on methane productlon. ThlS is due t0°‘one, ulfate
'reducers outcompetlng methanoéens for H2 gas; two, productlon of
;ssulfldes whlch can cause tox1c1ty to methanogens (Jones, 1983 and
_Rees,'1980) | Wh11e they can. be tox1c to methanogens, sulf1des
can also have a pos1t1ve effect by prec1p1tat1ng out certa1n
'tox1c metals. H1gh salt concentratlons have been reported to.b
1nh1b1t methane productlon, such as the add1t1on of 2000 mg/L of
’,calc1um 1ons‘(Crawford and Smlth 1985) Fa1lure of anaeroblc

’dlgestors have been shown to occur w1th very hlgh amounts 2000
4 mg/L of ammonla n1trogen (McCarty, 1966) |

The role that hazardous wastes plays as poss1ble 1nh1b1tory> |
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or nutr1ent sources.ls nnclear in co- dlsposal landfllls and is an
area that needs to be stud1ed R |

Ways to 1ncrease landflll nutrlent avallablllty 1nclude .
addition ofﬂsewage or septlc sludge, anaeroblc_dlgester |
supernatant,:animal and.agricnltural wastes,iand lastly;bleachate
recirculation (Schumacher, 1983). -

2.1.3f3.  REFUSE EMPLACEMENT

Method'of cell construction.during landfillinglcould have a
major 1mpact on gas and leachate product1on. ‘The amount,of

_ precompact1on from landflll equ1pment (1 e. bulldozers,_

o compactors) w1ll have a drast1c effect of emplaced refuse_a

"denslty.- Usually, landf1ll operators attempt to- ach1eve a .
'lnemplacement density.of 590 kg/m (1000 lbs/yd ) (Tchobanaglous,
v197?)‘ The greater the dens1ty by preconsolldatlon, the greater
”the'total mass’per unlt volume w1ll'be,pwh1ch should enhance
:total’gas yields.(Schumacher: 1983) ‘lHowever th1s 1ncreased
:'den51ty could hamper moisture" and nutrlent transport to actlve
'blologlcal areas. Th1s has an effect of produc1ng gas at lower
'rates over larger perlods (Crawford and Smlth -1385); | |

‘2 3 4. REFUSE PARTICLE SIZE

A reduct1on in partlcle 51ze will expose a greater surface}
area for-m1crob1al degradatlon.._The shredding of refuse creates
a pseudo—homogeneous massfof:refuse}thatkalters its density as’
well, Shreddlng ‘will also 1ncrease m1crob1al act1v1ty, and mass
btransfer of nutr1ents. DeWalle and Chian (1979) showed that" |

' decrea51ng,the mean d1ameterpof sol1d“waste from'250 mm t0j25'mm
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1ncreased the gas product1on rate (malnly CO ) from 0.73
fm /tonnes—yr to 4.75 m /tonnes,yr (Rees,.1980),” Gr1nd1ng can
also introduce a lot of trapped air intoLthe'systemf.vThe |
: decrease‘in,diameter alsobincreases the strength of leachate_byuf
';first 'increaSing the amount of'leached organic carbon during |
the f1rst year and secondly, extendlng this amount of leach1ng

.for a longer period of tlme (Raveh and Avnlmelech p|979)

: 25 r3.5.“ HYDROGEOLOGY OF LANDFILL AREA _
_Thereffects’ofvanaencroaching.water‘table within'landfills
can:inhibit-gas productlon'by’:nashing out viablefmethanogensvor,;
v_d1lut1ng the soluble substrate available to methanogens.' -
1Encroach1ng water tables have also been observed to have a
'stlmulatory effect on unsaturated zone gas productlon because of
~ added m01sture (Hughes, et. al.,_1971). | B . |

2. 3 6 LANDFILL AGE

It 1s generally thought that once the landflll reaches av
certain age, decomp051tlon of ea51ly degradable substrate ‘
»dlsappears, leav1ng only sllghtly degradable humlc and fulv1c_
'ac1ds, soluble salts and refractory compounds., Th1s'
:"1nact1vat1on age" s1gnals a large drop in- methane productlon.af*
V‘The "1nact1vat1on age" depends on refuse depth cllmate, and

refuse compo51t10n.

2.1.3.7. Gas RECOVERY.SYSTEM

1f a landf1ll is equ1pped w1th gas extract1on wells
L(dlscussed in more detail later) the potentlal for lower CH4
-product1on 1s certaln when 02-1s 1ntroduced:1nto the-landflll-f
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through air intrusion. Also,:QZNcan stimulate‘aerobic actlvity-
Tyln the upper llfts,'cau51ng accelerated decomp051t10n and.
o d1fferent1al landflll settlement. A*proper landflll cover
.-coupled with an eff1c1ent well collectlon system should decrease
the probab111ty of air 1ntrus1on.:ﬁ | |

2.1.3.8. OXIDATION REDUCTION POTENTIAL

. Both Clement ' (1981) and Farquhar and Rovers (1973) ment1on
that for efficient methane generat1on the ORP (Eh) must be less
than —200_mV.'_Ch1an et. al. (1985) ment1ons that the hlghest
.conCentration of methane gas in their lys1meters occurred'when- o
the'oﬁP dropped below -200 mv. :Zehnder (1978)Istates an evéﬁ.-'
-ldwer ORP value of —330 mV for 1n1t1atlon of methanogen growth

| Not many stud1es have attempted to measure the effects of
chang1ng ORP-1n landfllls;. ‘This 1s malnly due to equ1pmentv
‘fallure or large analyt1ca1 uncertalntles w1th1n the collected
data.. Farquhar and Rovers (1973) exper1enced equ1pment

:dlfflOUltleS wh1ch resulted 1n no ORP measurements made at the1r{
1.'Ontar1o-landf*ll study s1te. Also,vZehnder (1978) mentlons that'

p1t is almost 1mp0551b1e to concur an effectlve redox potentlal 1n

da complex solutlon 11ke d1gestor sludge (or landf1ll leachate)
because several d1fferent uncoupled redox levels frequently occur
'1n the ‘same’ env1ronment |

;Lastly, stud1es show that an inCrease ln'EhvdecreasesId
methane'production.: This»lncrease‘in ORP could‘be'due to
encroachment from an ox1dlzlng groundwater source or more llkely,v

_from 1nf1ltratlng rain water.
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2.1.3.9. MOISTURE CONTENT

When-raw refuse is placed in the landfill, it has an
inherent moisture contentfthat wlll aidvin the initial
decompos1t1on process. Thls m01sture content 1s around 25 9-(wet'
wt.) and will be greater w1th larger waste fractlons of
jputrescibles (Emcon‘Assoc., 1980)."Mandev1llep(1979) adds thatf
without a minimum moisture content of‘25 % wet wt., the anaerobic

- phase is v1rtually non- exlstent or occurs at very slow rates _
*(Clement, 1981) Concurr1ng w1th th1s was the study of Merz and-
--_Stone.(l§69), who found that refuse placed at a mo1sture content
| pranging from 30 to 40'6,wet wt developed an 1n1t1al CO2 bloom
after wh1ch gas product1on ceased untll addltlonal m01sture was
' added | | | |

Dobson (1964) reported that the max1mum decompostlon rate in
refuse took place at approx1mately 56 % mo1sture (wet wt.)
(Thompson 1969) V Both Ramaswamy (1970) and Songonunga (1970)
'.got h1gher values of 60 to. 80 % m01sture content: for max1mum'
decompos1t1on. These values agree w1th Alexander (1961) whob.f‘

'reported that the max1mum rate of decompos1t1on of organlc matter'

-f11n so1ls lles in the range of 40 to 80 6.*v

Many researchers cla1m m01sture content is the most -
L 1mportant parameter for opt1m121ng .gas productlon.' However,_this-
is not always the case when excess1ve 1nf1ltrat1on occurs.

Rovers and Farquhar (1972) noticed CH concentratlon decrease

4
.from 19 to 4 % when large volumes of water 1nf11trated thelr‘

.field'test cells after snowmelt._ They observed 1ncreases 1n CcoD, |
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BOD and TDS while observingndecreases’in reque temp., alkalinity‘
and pH. Exce551ve 1nf11trat1on can also wash out v1ab1e (
-bacterial cells,ﬂlncrease,the ORP (Eh) and solub1l1ze 1nh1b1tory
metals ‘and salts.'. | | | | |

Technlques to 1ncrease m01sture 1nput into landf1lls 1nclude
"the follow1ng: rec1rculat1on of leachate, add1t10n of-waste_:
11qu1ds (sewage sludge, chemlcal sludge) increasing the
permeab111ty of the cover, or constructlon on the landflll
| surface-of runoff catch ba51ns. Ways~to decrease-m01sture inpUt,
p1nclude construct1ng a low permeab111ty cover, or de51gn of a ;
landfill that max1mlzes runoff |

'-2' .3, 10. TEMPERATURE

Most laboratory studles have shown that the optlmal -
temperature for anaeroblc decompos1t10n and methane productlon 1sﬁ
'around_30jf 37 C (Dobson .1964, Ramaswamy, 1970 , Kotze et. al.
1969) At the Aveley, U.K. landfill, temperatures of 43°% appear
to be very . favorable for gas productlon (Rees, 1980) Dur1ng |
,bsummer cond1t10ns this temperature flrst appears at 3 m below the-
'itsurface and extends through the water at 7. 5 m deep (Jones et.vil

al.,;1983) Hartz (1982) found a 51m11ar temperature of 41 °C for
Aopt1mal CH4 productlon in laboratory heated samples of refuse.‘ :
» Most landfllls do not approach the 30 to 35%
‘temperaturevon an annual basis. - Roblnson and. Lucas (1985)
7hnoticed a'variation'in temp' from 18 to 35°C 1n burled refuse 20
imeters deep- Farquahar and Rovers (1973) found the average v"

annual temperature at a refuse depth of 1.25 m to be 12 °c w1th
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_ seasonal fluctuations'from 2gto_2l°C.'.An excellent egample of
_yhow refuse depth and air temperature affect-refusevtemperature”is;
found 1n the study of shallow test cells constructed in Sonoma
:County, CA (Leck1e, Pacey and Halvadakls, 1979) , Th1s- |
temperature profile 1nd1cates a high 1n1t1al temperature (aerob1c'
decomp.) followed by lower_seasonalovarlatlons.ln temperature
that mirror the'variation'in ambient air temperature. ‘A
comparlson of temperature changes w1th percent methane was
unfortunately not done in this study |

.3 McBean and Farquhar (1979) d1d compare var1at1ons 1n.percent
'CH4~w1th var1at1ons of both- temp and prec1p1tat1on through
linear regre551on.; However thelr attempt to correlate these
parameters were 1nconclu51ve. “One p0551ble reason beh1nd thefd;:

4

(the methanogens) 1mmed1ate adaptatlon to lower seasonal

non- correlatlon of % CH ‘and landflll temp. could stem from thelr'

_temperatures;
One dlsadvantage for cold cllmate landf1lls (such as

- Ontarlo landfllls) is the 1mpedence of necessary m01sture flow

--.caused by seasonal free21ng of the landflll surface. ThlS

vm01sture flow 1s needed for max1mum gas productlon in landf1lls

that have not ‘reached f1eld capac1ty

2.1.3;11; ALKALINITY AND pH

Opt1mal pH values found 1n anaerob1c d19est1on range from
around 6 4 to 7. 4 with dlgestor performance collaps1ng at pH j
fbelow 6 0 (Kotze et. al., 1969) ' Rhyne and. James (1978) concluden

that methane product1on ceases 1n a landf1ll when the average pH
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.drops belouv6;2 (Schumacher, 1983). However,.becauseﬂof"
microenvironments'and.bacterial~adaptability,_methane prodUCtion_
' can.occur{at pH's_less than 6.0; VAfter refuse emplacement;'there
generally is'aboradual increase in pHvto an.optimal?limit. .
Qriginally;-thepr could»be'as low’as,S.O due to.productionhof;
fatty acids:and‘Coz..uAs'more substrate'isdmineralized andfCOé is
“coverted to HCOé—, the:buffering capacity'to:resist changes’fn pH
is established, As'the alkalinity_increases, S0 doesdthespH‘tofa
point where methanogens can:produce.CH4, ,The,influX»of"'. |
methanogenic activity will consume‘more'organic_acids Whilebil
raising the'pHaeven further. “This relationshipvbetweenfmethane"
formers and volatlle fatty ac1d productlon reaches a pseudo—;5’
' steady state in mature landf1lls (Stage IV)
For opt1mum methane gas productlon the b1carbonate--'. A
““alkallnlty should be greater than 2000 mg/L as CaCO4 (Kotze et.
al., 1969). | o S |

. Zehnder (1978) bel1eves that the carbonate bufferlng system
-t.lS the only 1mportant system controlllng pP for methane
1"productlon. However, 'a few other researchers bel1eve otherw1se

(Dewalle, 1980 andefeffer, 1974). —

DeWalle concludes that ammon1a can.act as ‘a pH buffer
especially in. landfllls where low values of TIC (Total Inorganlc
Carbon) (less than 50 mg/L) can ex1st Ammonla counteracts th1s
drop in pH by'consumptlon of H,_;n,the below react1on: .

v ‘ , ., S : _ S

H' + ac” + NH3:; NH,+ + Ac-

' Pfeffer believes that,high_concentrationsﬁof certain organics
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acids and acid salts can contribute to the total system

alkalinity. Pfeffer explains this by using McCarty's (1964)

equation for total alkalinity in digestors. This equation is

shown below:
TA =

Where TA
BA

TVA
0.833 is

kY

V1]

+ (0.85) * 0.833(TVA)

Total Alk. (mg/L as CaCO,)

Total Bicarbonate Alk. (%g/L as CaCo.)
Total Volatile Acids (mg/L as Acetic~Acid)
conversion factor to mg/L as CaCO

0.85 accounts for fact that only 85 % of voiatile acid
alkalinity is measured by titration to pH 4.

‘Note: This equation assumes no other buffering systems

exist.

In summary, pH values found in sanitary landfills may be

influenced by industrial waste discharges, élkalinity, rain water

infiltration, or the relative production of organic acids and

methane (Boyle, 1976).

Some of the eleven factors controlling gas production and

their interrelationships are summarized in Figure 2.3,

FIGURE 2.3 - Summary of Factors Affecting Gas Production

(Figure modified from Farquhar and Rovers, 1973)
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2.2. REVIEW OF FIELD STUDIES
. In contrast to numerous lah or'leimeter—scalefstudies; on.
:leachate and.gas'prOduction, there'haveibeen much fewer studies
__’attempted in a full scale landfllls. Some of.these field
prOJects are worth mentlonlng since they 1nvolve 51m11ar fleld
technlquesvto~thls,study. -The,prOJectsyare listed below in,
chronological order. o
To this author's knowledge; the earllest such study was
undertaken by the New York C1ty Department of San1tatlon around
'1the m1d—1930 s.f The1r main goal was to determlne how fast refuse
-decomposed' ‘and what were the m1croorganlsms that medlate that
proceSSr” They orlglnally performed a comp051tlonal study on
fresh refuse, then later sampled decomposed refuse for
m1croorganlsms, organlc n1trogen, pH percent mo1sture and
temperature over a 48 month per1od Gas samples were also taken.ﬁ
(See Carpenter 1940 and Ellassen,.1942) |
In ‘the early to mid- 1960 s an- in- 51tu 1nvestlgatlon of
movements of gas from decompos1ng refuse was undertaken in Los
hl_Angeles,vCA ~This progect was headed by Englneer1ng Sc1ence,:~
:Inc;.and'concentrated mostly on the Azusa Landflll- The prOJect
finlshed in.l967 The study concentrated malnly on est1mat1ng
upward and downward fluxes of CO2 and CH4 gases in-the test. fill.
" Gas barrier materlals were tested in the lab for the purpose of
attenuatlng the downward flux of CO2 1nto-the-groundwater system;
Later studles were done on test fills at the Palos Verdes and

E Calabasas landfllls, agaln located in L A, County (See
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AEng1neer1ng Sc1ence, Inc., 1967) o

In 1970 Waterloo Unlver51ty undertook a study to 1dent1fy
the parameters that affect the productlon of 1andf1ll gas and
' leachate. Three cells of 1. 2 ‘M 1n dlameter and 2. 3 m deep were
_placed 1n.the ground at a local Ontario landflll fGasz |
‘productlon was found to be slow dur1ng perlods of no inflltration:
and 1mpeded dur1ng spr1ng snowmelt perlods., As ekpeoted‘v
'leachate generatlon was greatest dur1ng thlS sprlng thaw perlod
(See Farquahar and Rovers, 1873 and Rovers and Farquhar 1973).

In:l972 ﬁavsimilarvstudy to the above was initiated in a
'pSonoma County,_CA landflll leferent m01sture appllcatlons and

"cell constructlon were used in the flve separate large scale test

:vcells. One of f1ve cells had leachate recycle whlle another had

applicatlon of_septlc tank'pumplngs. wVar1ables mon1tored over a .
‘three vear period:inolude'average'consolldation,“thermal -

~ _responses, anddleachate and gas production varlahilityv(See___f
_Leckle et al., 1979) | o .v -

p Around 1977 a group of Engl1sh researchers began a thorough.'

"study of the Aveley (Essex) landfill in the u. K..T'Thls pro;ect_

was attemptlng to determ1ne what parameters affect‘landf1ll |

m1crob1al act1v1ty (Rees,i1980) They developed a technlque}of

‘iestlmatlng relatlve mlcroblal act1v1ty by enzyme act1v1ty

- measurements taken within the landflll Thelr results 1nd1cate ‘a

correlatlon of hlgher methane gas product1on 1n areas of greater
.enzyme act1v1t1es at depth (Jones et al., 1983 and Gra1nger et

Cal., 1984)
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'TeChnical University of Braunschweio, W. Germany initiated ai‘
'program in early 1980 to study the effects that landfill
operation has on gas and leachate production at the Lingren
Sanltary landfill (See Stegmann and Spendlin, 1985)

Another English research group headed by Robinson (1985)
began a study in 1982 at the Stangate East landfill in Kent
England,: The main goal of this on- 901ng study 1s to monitor (1n—'
- situ) the attenuation_of 1andfill leachate,ln the‘unsaturated
zone..-Beforeiand during’refuse'placement _over 100 1nstruments-
have been 1nstalled to measure’ thermal responses, gas
‘concentratlon, and leachate concentratlon and sallnity. To the
‘_'author’s»knowledoe; thlS 1s the most exten51ve in- 51tu landfill,
.study ever undertaken ‘ | ‘ o v |

The last 1andf111 study worth mentloning deals w1th the BKK
" co- disposal landfill in West . Cov1na, CA.. This landf111 not onlyV
lb,received MSW but also 2vbillion‘U.S._gallons of‘liquiddhazardous
waste. .Numerous earlier stUdies have concentratedion.determining

:1andfill surface em1551ons of hazardous volatiles (California
| jDept. of Health Serv1ces,'1983 and Baker and McKay, 1985) ~but a- y
,hrecent study (Stephens et al., 1986) looked at the partltioning'

: of four ‘hazardous volatlles between the leachate and gas stream.»

2.3, OFFSITE GAS MIGRATION

| ~Landfill gas can migrate"from_landfills by.two'meChanisms:
convection due to:pressure gradient,fand diffusion'due to a
concentration‘gradientv(Mohsen, 1980). The diffu51ve flow

component con51sts of Knudsen flow, molecular flow and surface
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flow (E?S 1977). Because‘of landfill'gas produdtion positive
1nterna1 pressure heads of 2 5 to 5. 0 cm of water can. create a
pressure gradlent which causes the gas to flow convectlvely from
higher to lower pressure (Crawford and Sm1th 1985) Vert1ca1
mlgratlon of gas through the landf111 cover ‘is malnly controlled
by dlffu51on. Factors affectlng dlffu51on through landflll
covers are summarlzed in Table 2.4. .'

| ' Attempts to model the em1551ons of landflll gas through.'

'_covered‘landfllls (Flndlkakls and Leckie, 1979; Farmer, 1980;

~ Shen, 1981; Thibodeaux et al., 1981) due to diffusion and

convection are discussed in more detail later in this thesis. .
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TABLE 2.4 - Factors Affectlng lefu51on Through a Landfill Cover

(Table mod1f1ed from Baker and MacKay, 1985) .

Soil porosity

Atmospherlc pressure‘
fluctuatlons o

Temperature. gradient -
~between landfill bottom
~bottom and surface

‘Temperature of cover

 Wind speed

Anaerobic
‘Decomposition

' Chemical reactions

Thlckness of 5011‘
landflll cover

Infxltratlon of surface

water and resultant ,
- soil moisture content.

" High porosity allows more diffusion

and emission. Porosity'is the-

controlling parameter in the emission

of vapors.

Pumplng actlon from pressure fluc-

" tuations enhance the measured

diffusion rate of benzene through a

15011 layer by 13 %.

.Large gradlents between a warm-

landfill interior and a cool. :
surface enhance thermally 1nduced
dlffu51on _

- Warm gas can form condensate leav1ng '

the vapor absorbed in the cover,
decrea51ng the effectlve d1ffu51on»,

! rate .

‘Increased w1nd at the surfacel

enhances the "wick effect,”

speedingh
diffusion, s

"This elevates internal landfill

temperature and produces gases, -
primarily methane, which accelerate'

-d1ffu51on.

Exothermlc react1ons can 1ncrease
thermal dlffu51on.

Increased th1ckness increases

'dlffu51on time.

'"Methane gas prodUction is enhanced
‘moisture input hence, accelerating

diffusion. Rapid infiltration

+ fills soil pores, slowing dlffu51on.
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2.4. GAS COLLECTION SYSTEMS

Generally, gas collectlon systems are used‘for control of
,odors, off51te m1grat10n of landflll gas, and more 1mportantly;
for further utlllzatlon of landf111 gas.’ They are 1mportant for:
thlS study because the collectlon wells are sampled for gas and
leachate. Gandolla et al (1982) d1v1des a landflll gas recovery
and utlllzat1on system 1nto six p0551ble steps. " These steps‘are:
' collection, pretreatment storage, combustlon,lenergy Storage'and'
energy_consumptlon, ThlS author willﬂmention'only the_first'two'
in'detail.J | | | |

2.4.1. COLLECTION

The collectlon step is. usually taken care of by collectlondm
jwells but there are .some alternat1ve collect1on methods worth
mentlonlng | o |

One method is through ground probes that are drlven 1nto the.
-landflll and placed on a subsequent vacuum. At the Crogllo

landflll in Sw1tzerland steel tlpped 5 cm dlameter probes were.‘

. drlven 5 to 10 meters 1nto the refuse and 40 to 60 m/day of

methane was extracted in 2 months t1me from 10 probes 1n a 1000
sqg. meter area (Gandolla et al., 1982) S ThlS recovery system is
greatly affected by air 1ntrus1on and clogglng, but has the
advantages of a- low.1nstallat10n cost and=1mmmed1ate installment
after landflll completlon (Gandolla et al.,. 1982)

| Another gas collect1on method 1s through coarse permeable ::h
corr1dors~of‘gravel (3.5,to 7.5 cm m1nus) that can‘be used 1n‘ 5

- configurations of blankets; trenches,'slantedbdrains and mounds
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-(Schumacher; 1983).;hingevery case, .a perforated pipe system must
be used to transport the gas.p Most of'these systems mustfbe' |
.dconstructed dur1ng the filling. phase of the landfill and have
watervdralns to decrease the potential for seepage bu11d up.
) This system is relatively inexpenSive but:hasbproblems with air
1ntru51on and seepage bu1ld up. ‘ | | |

| The preferred and most common. collectlon system is by cased
extractron wells. To-optlmlze-gas recovery,_extractlon well
| depth shou1d,equai 3/4 of,the.depth.of_waste‘(Shen} i981).-hThe -
wells can be drilled.by'a number of techniques such as a
teiescopic spindleifcahle:tool rig;‘down'hole‘hammer;'rotary
~drill, or with a hollow bofé auger (Giuliani, 1980). - o

The most- eff1c1ent and" common - method forfdrllllng in refuse =

less than 25 meters in depth, is the truck mounted contlnuous |
flight hollow borerauger, ‘Drilling problems‘encountered with
~hollow bore augersfincluder borehole cavefins‘uhen drilling'ing'
dpoorly compactedvrefuse,yand slow’rates-of penetratfon when'f
ariliing through houshold orvconstruction debrisf(Emcon AsSoct,'

1980) A core barrel b1t is often used for dr1111ng in 1ntervalst

."-contalnlng any constructlon debrls (Schumacher, 1983) " Borehole__

diameters range»from 15 cm (6 in.) to 90 cm (36 in. ) Some
'-deeper‘landfills in Californla have 1nstalled~90‘meter deepfwells::
.that requlre the use of a crane mounted auger rlg 1nstead of a
-truck mounted rlg (G1u11an1, 1980). -
 Once the boreholes have ‘been completed the”weli casingpis

installed in the borehole and backfilled with;soilxor grayel;
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Well casing 1s typlcally constructed of PVC, even though
flberglass, polyethylene, and steel have also been used (Emcon

Assoc., 1980), Typ1cal well casing d1ameters range from 7 5 cm

- to 15‘cm. Well ca51ng is typlcally 51zed accord1ng to the

'yexpected gas flow rate and the pressure loss w1th1n the well
ca51ng (Schumacher, 1983). The cas1ng is- typ1cally telescoped atb
v‘one p01nt to create a slip ]o1nt that can accomadate up to 120 cm
gof landfill sub51dence before cas1ng breakage w1ll occur (E. H
‘Hanson, 1985). _Collectlon 1ntervals are determlned.by~the length'
of perforation in the'well,‘ Perforationsfare usually:made'ln the
field with a drill or'sav'or-Casing‘can"be purchased already
_'perforated from the manufacturer. - The prlmary requ1rements for
dyperforatlons are: one, that they remaln unclogged two,'that they
ydo not . requ1re exce551ve pressure losses to draw the gas through,
them, and - three, that they do not unduly weaken the well ca51ng_
: h(Emcon Assoc;, 1980) Above the gravel fllled collectlon .
v;intervall an 1mpermeab1e concrete or benton1te plug is 1nstalledt
.(60 to 90 cm th1ck) to prevent a1rv1ntru51on 1nto the collectlon‘
v 1nterval Above thlS 1mpermeable plug,-501l 1s backfllled up tO"
h.‘the well head assembly A | |
The well head assembly consists of one, a. well head cap
: equ1pped w1th spec1al connectlons for gas sampllng and pressure'
| readlngs, two, a PVC. tee to route the gas into the collectlon _H
| header three, a. butterfly or. gate valve that controls gas flow
‘into the header, and four, the collect1on header 1tself bThe

collection header is normally Sch. 40_PVC pipe that‘takes'thei
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| extracted gas.to a compressor for further dlstr1but10n. Headert'
plpe is 51zed much llke ‘well casing with pressure loss est1mated
through a commonly employed pipe friction equation (Emcon Assoc.,
’ 1980) N
| An example of a typlcal extraction well w1th well head
_assembly and collectlon header 1sldlsplayed'1nvF1gure‘2.4 '

2.4.2. PRETREATMENT

Because vapor saturated landflll gas’typlcally leaves the
ylandflll at elevated temperatures relatlve to atmospher1c
Htemperatures, condensate w1ll form 1n the well head and
:collect1on headers,'eventually cau51ng operatlonal problems.'
The s1mplest techn1que to. control condensate build- up. is through
condensate dra1ns that empty the condensate back 1nto the refuse'
and away from the collect1on system.; A general rule is to
‘1nstall a condensate trap for every 60 m of collectlon header“b
(Schumacher >1983) These drains are connected onto collect1on
headers by a 51mple Tee at the lowest p01nts 1n the header p1pe
to max1mlze dralnage. Other ways ‘to el1m1nate condensate from.‘
fthe gas stream 1nclude scrubbers, dehydrators, or lower1ng the
dewp01nt of the gas below the amb1ent collectlon l1ne temperature'
,(Emcon Assoc., 1980) | | |
In- upgrad1ng 1andf1ll gas to p1pe11ne qual1ty, one usually -
‘”has to separate the CO2 and other 1mpur1t1es from the methane. “A”
kcommon absorblng solvent used for landf111 gas is tr1ethylam1ne,

» wh1chnthe CO2 can be later recovered by heatlng up the solvent

(Gandolla et al., 1982) . Other solvent treatment systems
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brecently in use 1nc1ude- d1glycolam1ne, hot pota551um carbonate;'
propylene carbonate, ‘selexol, and fluor solvent (Emcon Assoc.,'
’1980) Trace gases. can also be.removed by dry absorption
systems such as the molecular 51eve system at Palos Verdes
"landflll (see Bowerman 1977) and act1vated carbon. All these .
~ systems are expensive and require very large landfllls to

';be cost.effectlve..- -

2. 4'3. GAS EXTRACTION PARAMETERS

The des1gn and modelllng of gas extractlon systems requ1re

. . some parameters to be determlned or estlmated ~-Some of these

are"extract1on well spac1ng gas extractlon and productlon"b
'rates, refuse and cover permeablllty,'and landflll gas veloc1ty;'

- 2. 4 3. ; EXTRACTION WELL SPACING

Well spac1ng is a funct1on of the radlus of 1nfluence (RI)

'-whlch is determ1ned 1n the fleld durlng an extractlon test Thls"

o test consists. of 1nstallatlon of a plezometer or pressure probe"

_network around the extract1on well Wthh later ‘are mon1tored for
gauge pressure. changes durlng pumplng or recovery of the.w ~'Tl'
extractlon well. These measured pressure responses are then used
to determlne the proper radius of 1nfluence of ‘that extractlon |
well. The bas1c assumptlon is that no gas 1s drawn to the fl'
Textract1on well from a d1stance greater than that wells RI
Clement (1981) ran 1nto dlfflculty determlnlng an RI in h1s‘v
study because of faulty gauge pressure responses, 1mproper
rpressure probe networklng, and heterogen1et1es w1th1n the

. landfill study area.
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The extraction tests totdetermine RI u5ually last from
~several hours to several days for each extractlon rate. |
_Typlcally, 2 to 4 extractlon rates are used for each well and 2
to 4 wells are tested per 1andf111 (Emcon Assoc., 1980)'
| After determlnlng RI, the proper well spac1ng beglns Wth
:spac1ng from the landfill perlmeter inward. w1th overlap of RI'
occurrlng to help control landflll gas mlgratlon (Schumacher,
1983). Once the outer well spac1ng is conflrmed inner wells are
;spaced 1deally (glven no constralnts) at the vertlces of )
equilateral tr1angles.

2.4.3.2. GAS EXTRACTION AND PRODUCTION RATES

To determlne the opt1ma1 flow rates for a glven well _one

can use the follow1ng equatlon'

2

Qw = (K*rr*RI *t*D*Gr) / C. - (1).

Where Qw = optlmal well flow rate (L/sec)
‘ K = Conversion Factor (1.157E-08 L/day/ml/sec)
" RI = Radius of influence (m)
t = Refuse thickness (m) _
'~ D = in-place refuse.densityu(kg/mé-
S ‘ - oom”) :
Gr = methane production rate (mL/kg-day) -
C. = Fractional methane concentration

| The most dlfflcult ‘parameter to obtain in equatlon (1) is.
the methane gas productlon rate (Gr),-that is dependent on a7:
number of varlables already 1n'thatiequationr' Generali§;_Gr'is
determined during the gas extraction tests that”determinedRI.
' Innthis determination;-the well floﬁ rateris varied untile".
“attainment of the makimum'extraetion'rate which minimizes‘air
intrusion;occurs.> ThlS extractlon rate is assumed to be equal toh"

| the rate at wh1ch methane is produced w1th1n the volume of refuse
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' defined by the wells RI. With this in mind, Gr can be determined
by a modification to eqn. (i) below:

Gr = Qw / (ﬂ*glz

*t*D) . (ii)
Where de; Optimal well flow rated(L/seC)

This equation‘assumes steadyfstate conditions andvai100‘%:3
'gas recovery_efficiency, which is never'true since gas production:
.irates’vary over an age of a landfill and not all gas-broduced
':willvbe recovered In fact, based on. early experlence in |
landf1ll gas recovery, Pacey (1976) est1mated that only 10 to 50
.'percent of the theoret1cal gas produced w1ll be extracted (Boyle,:
1976) One way to 1ncrease recovery eff1c1ency would be to:
"1ncrease the den51ty of extractlon wells." | .
In summary, gas productlon rates calculated by eqn (11) from..
'f1eld tests in ex1st1ng landfills range from 6.8 to 45.0 mL
CH4/k9_0f refuseﬂper day (Emcon Assoc.,'1980° Clement-'1981°'andld
-SchUmacher,_1983) Determlnatlon of both the gas extractlon and
_productlon rates are full of uncerta1nty and error.. Emcon Assoc;f
' (1980) suggests one way to make a more accurate determ1natlon of'
dgas productlon rate would be through a more thorough theoretlcal .
mass balance (see Emcon Assoc., 1980) On the other hand,'this_"
" author believes stochastlc technlques available from thev::a

groundwater'llterature may be a ‘better way to-handle_the,
1uncertalnty in'landfill gas production.rates.l'

'2.4.3.3. REFUSE PERMEABILITY

- "The standardvcoefficient'of permeability (K) depends on both‘

the characterlstlcs of the ‘gas and porous medla (refuse, cover or
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surrounding soils). ThlS coeff1c1ent can be expressed as:

K = (JZM)*KS '__f' o _ C(iii)
Where ¥- specific wt. of the gas (kg/m )
: M= specific viscosity "" "" (N- sec/m )
"Ks = intrinsic permeability of

vrefuse and/or cap mater1a1 (Darcys)

Intr1ns1c permeablllty depends on upon the follow1ng
properties of the porousvmedla' por051ty, range and dlstrlbutlon
- of grain siies,‘andjshapes, orientation and packlng of the
grains; | .‘ | o -

The coeff1c1ent of permeablllty (K)'determined bgvequation
,(111) in the Palos Verdes and Sheldon Arleta landfllls range from"
.04 to.1.55_m/day. Clementv(1981) employed‘fleld extractlon |
" data tc estimate:the:KAat an Ontario landfiil by'the”Cooper—dacob
,approximate'methOd'for confined unsteady'inWQ} ThlS method 1s_.,_

often used for determlnlng K in groundwater 1nvestlgat10ns. His

" six K values range from O 88 to 4.82 m/day, whlch are w1th1n the

vtolerance of ‘the values obtalned from from eqn. (111),

2 4. 3 4, GAS VELOCITY

Determlnlng the gas veloc1ty at wh1ch it enters the r5
{‘extractlon well 1s very 1mportant for determlnlng whether flow 1s_
v:lamlnar or turbulent, whlch in turn determlnes 1f darc1an flow
can be-assumed crvnot If non—darc1an flow ex1sts; well |
ff1c1ency would unequ1vocally decrease. | B

‘Gas veloc1ty into an extractlon well is determlned by the
”equatlon (1v) that assumes the gas flows normal to an 1maglnary
cyllndrlcal surface surroundlng the well ca51ng

=JQw/Area = Qw/( 2ﬂ*r?h) F'_ (1v)_
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internal gas veloglty (m/sec)

Where Vr =
Ow = well flow rate (m~/sec).
r = radius of imag. cylinder (m)
h = distance of collectlon 1nterval (m)

Once Vr is determlned from (1v), the flow description can
thenvbe found by using the dlmenslonless parameter;'the Reynolds
Number (Re).b Re is found belowr |

e = (@*vr*D)/ _ (v)

“Where Den51ty of gas mixture (kg/m )

Characteristic dimension of the system
(Usually the ‘mean. grain diameter
of the porous medla)

=N

" If Re is less than 1.0 then. flow is generally percelved to
'bevlaminar and Darcy s flow equatlon applles.. As a general
'-_rule, thlS seems to occur in landf1lls where flow rates are low
31enough to keep lamlnar-flow. -However, Emcon Assoc. (1980)
'”caut1ons that. 1f landflll grain sizes reach large 51zes

'proportlonal to large gravel turbulent flow may prevall
decrea51ng recovery eff1c1ency in extract1on wells.

2.5. AMMONIA GAS FROM | LANDFILLS

'2;5.1. PHYSICAL PROPERTIES OF AMMONIA GAS
_ Ammonla is a colorless gas under standard condltlons,vwhose o
':pungent odor is eas1ly dlscernlble above 50 ppm (NRC -1979). vThe
itammonla molecule has a pyramldal structure, w1th»the n1trogenv
atom at'the apex and'hydrogenlatoms at the:base.7.The bond
angles between the H-N- H have been observed to be 106 47"(NRC>
1979). Other phys1cal propertles of ammon1a are llsted in Table

2.4.
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TABLE 2.4 —:Physical'Properties of Ammonia Gas

PROPERTY VALUE SOURCE
molecular weight . 17.03 gm/gm-mole API, 1981
melting p01nt -~ =77.70 C degrees -~ API, 1981
boiling point ' . =33.35 C degrees API, 1981
critical temp. - 132.45 C degrees . - NRC, 1979
critical press. , , 112.30_atmo§pheres - NRC, 1979
density (gas) - -0.7714 kg/m _ -~ API, 1981
heat of vapor. _ 5,581 cal/mole . 'NRC, 1979
~specific heat o 3 8.523'ca1/mole gegree NRC, 1979

solubility *  89.9 gm NH3/100 gm H20 8 atm)

68.4 gm NH3/100 gm H20 (10 1 atm)
51.8 gm NH3/100 gm H20 (20° c 1 atm)
40.8 gm NH3/100 gm H20 (30°C, 1 atm)
33.8 gm NH3/100 gm H20 (20°C. 1 ‘atm)

~* All solub111ty data is from Freneyv(1981)'

2.5,2.‘ SOURCES AND AMBIENT ATMOSPHERIC LEVELS OF NH3

2.5, 2 . NATURAL SOURCES

. The NRC (1979) be11eves that over 99.5 % of atmosphericé

ammonla is produced by natural blologlcal processes due to

-_decomp051tlon of organlc waste mater1a1 ThlS percentage

contrasts w1th a Canadian study done by Geadah (1985) that
estlmates natural decomp051tlon em1351ons account for 71, 2 %‘of
~the total atmospherlc em1551onvof ammonla.‘ Geadah (1985) llStS_:
the natural sources - of ammonla em1551on to be° blologlcal l1tteri..
‘»decomp051tlon, an1mal waste, vegetatlon em1551ons, forest flres,‘;
'and'human breath _ Ammonla released from 501ls due to |
'decomp051t10n can be estlmated by Dawson s model (Geadah 1985);
Ammonia released from anlmal waste 1s malnly due to urea |
"hydroly51s from the enzyme urease.s Estlmated productlon of

ammonia by carnivores and"herblvores 1s'186.3 and 16;42 gm of NH3



per kg of animalrweight‘per‘year'(Geadah,.1985). This estimation“
assumes that 10‘%.of the generated urea produces Volatiiizedi x
ammonia. ‘Because of thlS substant1al amount 'ambient NH3.gas
levels around dalry farms have been measured as hlgh as 450 ppb
(usual amblent level around 5 ppb) (NRC 1979) Forest fires
have been estlmated to. produce 0 15 kg of NH3/tonne of dry wood
durlng_combustlon (Geadah, 1985).‘_Human breath has been found to
emit'11.2 mngH3/day:for'non-smokers and 16.8.mgiNH3/day for '
smokers. - - | | : - | ‘:l
Geadah (1985) concludesdin‘her 1980 study that m1crob1al

activity»emits a 10-fold greater mass of NH3 in tonnes/annum

than ‘the three other natural sources comblned

2.5.2.2,o ANTHROPOGENIC’SOURCES

‘MajOr anthropogenic sources of NH3hinclude the-fOllowing
list by NRC (1979): | o N

1. Combustlon processes in urbanbareas, such as domestlc

R heatlng, internal combust1on englnes, and mun1c1pal

waste 1nc1nerat10n.

2.,'.Industr1al sources, such .as fertiliZer”plants[

; reflnerles, organlc chemlcal process plants, and str1p -
m1n1ng. _ ) .

-3 Mlscellaneous sources, such as cattle feedlots, food
‘ -.processing plants, use of NH, in industrial and o
~household cleaning, fertilizér application, and sewage
treatment plants.' : o » ‘

| 2 5.2. 3 AMBIENT ATMOSPHERIC LEVELS

Amblent atmospherlc concentratlons of non partlculate |
’ammonla in rural unpolluted areas has been measured by a number
of researchers (Junge, 1963,‘NRC 1979 Harward et al,,‘1982,

and Kelly et. al., 1984). Their reported mean NH3

-N values
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range from 2.2 to 10. O.ppb R Non?partlculate‘ammonia levels
measured in urban areas are much higher (max. 400 ppb) - 1n most T
cases, w1th marked max1mums in. the w1nter, ow1ng to the 1ncreasedi
‘contr1butlon from combust1on sources.

'-2 5.2.4. ANALYTICAL TECHNIQUES

Some of the analyt1cal technlques employed to measure these

low atmospher1c levels of NH3 N are l1sted below:
1. Bubbler techn1ques u51ng acid solutions to absorb the ;
which is then: analyzed by colorlmetrlc titrimetric
_meghods.« This method was used 1n thlS study on :

landfill gas. . .

2. R1ng oven - technlques us1ng 1mpregnated fllter substrate
for d1rect absorpt1on of ammonia gas.

3.»»APhotoacoust1c detectlon of desorbed ammon1a from a.
;teflon bead sampler (see Harward 1982) ' :

4, .Real time measurement u51ng a cal1brated fluorescence _
‘ derivatization technique.  .Detection. l1m1t 1s about 0.3
- ppb (see Kelly et. al., 1984) L

5, }'Recent'developments”in.more sensitive, reliable and
'more expensive techniques such as Fourier-transform
long-path infrared spectroscopy, second derivative
spectroscopy, and the combination of gas o
'chromatography and chem11um1nescence (see NRC 1979).:g-v

2.5.3. AMMONIA GENERATION IN LANDFILLS

© 2.5.3.1. SOURCES
‘The overwhelmlng maJority'of'ammonia'inherent:todlandfillévhf
is produced from decomp051t1on of protelns 1ndlgenous to. the' v_
bulk refuse.v Other sources of NH3 could be due to landf1111ng ofd,
fert111zer products, ammon1um salts, animal wastes, sewage or -
chem1cal~sludge,‘or from atmospherlc 1nput.u Nuc1e1c ac1d (RNA
‘and DNA) decompos1t1on is another mlnor source of ammonla in

landfills,
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Total n1trogen has been reported ‘in bulk analy51s of refuse
to:range-from a low of;0.33 % weight (Bell 1 1963) to a hlgh of
h_3.0.%‘in_Raveh,anthynimelech (1979). Most researchers_{y “ |
,(Thompson,v1969 Pfeffer;.1974 ,Tchobanagolous, 1977; and Rees,,:‘
1980) report values from 0. 5 to 1.25'% total n1trogen w1th
'1.7 % required for max1mum decomp051ton of organ1c matter B
(AleXander,-1961) Landfllls that are def1c1ent in n1trogen can
benefit by the addltlon of sewage sludge, as percent n1trogen 1nt
d_these sludges has been reported to be on the average about 3 %
‘»(Hobson et. al., 1974)

2.5.3. 2, PRODUCTION OF AMMONIA

_ The generat1on of ammonla from protelns is a blolog1cally
1med1ated procedure 1nvolv1ng multlple steps of blolog1cal
fact1v1ty. These steps can ba51cally be super1mposed on the
stages of methane productlon d1scussed in 2.1.2.2.. A s1mp11f1ed
'reactlon for ammonla generatlon would be as follows.. .

enzymes'

:_Protein ——m——=> Amlno Acids ------ > Fatty Ac1ds + NH3_+-_‘CO2

‘ In”the-first.reaction 'protein iS'attacked by’extracellular_'
: enzymes known as proteases that hydrolyze the peptlde bonds" o
"between am1no ac1ds. Th1s hydrolys1s reactlon releases free'
amino and carboxyl groups that can be further degraded by
;reactlon‘z The major group of organ1sms respons1ble forfh,

reaction 1 are the proteolytlc bacterla.' Clostr1d1um species

vwere found to be the most prevalent proteolytlc bacterla in .

anaeroblc d1gestor studles performed by S1ebert ‘and Toer1an-
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(1969),
‘Separation of thedamino‘aeids into carbon and nitrogen
éources in'reaction 2 is done a number of.ways. -Fonrhcommon‘
mechanisms are shown below" u51ng the amlno acid Glyc1ne |

(CHNHZCOOH) as - example'f;

,1., Hydrolytic deamlnatlon.
| ‘Glycine ---> RCH=CHCOOH + NH,
2. Reductive deamination '
Glycine + H, 4——> Acetate- + NH4+ |
‘<.3. d,Decarboxylatlon (leadlng to, subs.,alcohol fermentatlon)h
Glyc1ne -==> Amlne + CO2 -——=> Alcohol + NH3 fh.{r |
4.- Str1ck1and Reactlon (coupled deamlnatlon) o
2 Glycine + Alanlne + 3 H20 ——=> 3 Acetate- + 3 NH4+ + HCO3—'+ H+

Some amino ac1ds.are re51stent whlle others are hlghly
'susceptlble to decomp051t10n to ammonla._ For example, ammonia is
formed readlly from arglnlne and tryptophane, whlle ly51ne,.
Athreonlne and methlonlne have a more: extended per51stence in 5011‘

"hrtests (Alexander, 1961) ' Agaln, Clostrldla sp appear to be thev

most domlnant mlcroorganlsm in reactlon 2 Anaeroblc cocc1 were_{,
also found as a contrlbutor to reactlon 2 in Songonunga s (1970)‘d"
work. | - » | .
| The Strlckland Reactlon appears to be the controlllng
mechanlsm for ammonla formatlon.- At least 15 spec1es of

\Clostrldla can obtaln energy from the Strlckland Reactlon

(Thompson, 1967) Other ‘than. regulatlng the formatlon of-ammonia.

'1n landfllls, the Strlckland Reactlon 1s a. major contrlbutor to
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“.volat1le fatty acid productlon in leachate, and has been
theor1zed to be a major competltor for H2 needed for methane
product1on (Nagase and Matsuo, 1982) The reactlon also releases
“HT ions; dropping the pH, which 1s not favorable for mechanlsm
-(1),'hydrolytic deamination (Songonunga, 1970).“,Instead
‘decarboxylat1on (2) becomes more prevalent at 1ow pH s hence,
releasing more alcohols into’ solut1on. |

2.5.3.3. AMMONIA SINKS

,The major. sink"of newlylgenerated ammonia appears to be due
~to growth ass1m1lat1on from the bacter1a that produce it in the:

'flrst place. The majorlty of bacterla need NH , 'and not: organlc

4
.nitrogen (am1no ac1ds, amlnes, etc ) for a551m11at10n 1nto their
'V_protoplasm. In fact ammon1a has been proven to be’ the only |
nltrogen compound needed for- growth in methanogens (Hobson et
al., 1974). . |
»Jdl Other than NH4+ a551m11ated by cell synthe51s, ‘there. are‘“
other less common . s1nks of free ammon1a.» Theyvare,llsted~;n
'p01nt form below-‘ | L | |
| "1f ACatlon exchange of NH4+ onto refuse or so1l c01101ds..fh
A é.. 'Ammonla flxatlon or ammony151s" by organic compoundsr
~such as halogenated aromatics (NRC, 1979) or carboxyl
- and other acidic organic groups: that combine w1th NH3

._-to form soluble salts (Freeney. et. al., 1981)

3. N1tr1f1cat1on ‘could occur if- free oxygen is around to
be an electron acceptor.:

4, Volat1llzatlon of NH3 through landf1ll

2.5.3.4. LANDFILL AMMONIA BALANCE

When decompos1t1on and growth become psuedo steady state,

‘the ammon1a ‘balance w1th1n an completely anaeroblc landf1ll
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ﬁb‘enyironment can bevpresented'as follows (nodified:from'Waksman,
1931): | | | | o
N decomp: - (Nvgrowth + N org n1trogen + N 51nks) = N as NH3 N
This balance 1nd1cates that as proteln decomp051tlon rates
_exceed growth requ1rements for NH4+ :ammonla w1ll beg1n to
_accumulate»as a'waste product. ThlS accumulatlon w1ll e1ther be
leached, fixed exchangedFor volat1llzed from the system.v |
A mathemat1cal treatment of these processes has been done byv
Smlth (1982) regardlng soil: m1crobes " He uses M1chaells Menton

_substrate kinetics. to calculate a net 5011 solutlon NH N by

3
'_subtract1ng the ammon1a productlon rate (mostly from- deam1nat10n)
~from the varlous NP3 N uptake rates.' Refer to page 135 1n Sm1th'{
(1982) for further deta1l | |

2 5. 4.' FACTORS AFFECTING AMMONIA MOVEMENT IN LANDFILLS

2.5}4.1. MASS TRANSFER IN UNSATURATED ZONE

'In-the unsaturated zone of the landfill lthere areffour7

' phases in wh1ch ammonla can occur.j The two solld phases are the
bulk refuse and the blOfllm surroundlng the refuse. Surround1ng
_th1s blOfllm 1s a l1qu1d layer followed by the-gas-fllled

_ fractlon of the refuse pores.‘ A cross- sect1on of these four
;vphases is presented in Flgure 2.4, o |

~ The rate 11m1t1ng step in NI—I3 transfer to'thejgas phaSe
'fappears-to occur 1n.the biofilm where the'microbial'processes“
inherent in,the hiofilm‘regulate.further NHS transport::'lf there
His‘a’net-accumulation:of:NH +, then NH, + w1ll move through the

4 4
'blof1lm as a functlon of 1t s dlffu51on coeff1c1ent._ From :
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A, Biofilm-refuse interface

B. Biofilm - NH,%* movement through biofilm depends on
diffusion and biofilm uptake rate.

C. Liquid Film

D. Bulk Liquid - Assume liquid is completely mixed and
' contains biofilm slough, soluble substrate
and bacteria floc. Assume steady state
gain or loss of NH3-N in this zone.

E. Liquid Film
F. Gas Film

G. Bulk Gas - Contains H90 vapor, and landfill gas
components. Assume partculate mass is
negligible.

'FIGURE 2.4 - Microscopic Cross-section through 1andf111 showing
mass transfer of NH3-N into bulk gas assuming a
biofilm model.
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‘ studiesAdone on mixed and pure-biofilm_cultures,:the diffusion
coefficient ranges from,1.O3E405 to'1r50E—OS'cmz/s‘(williamSOn h
fand McCarty, 1976, and Onuna and Omura;.1982)'. ThlS dlffu51on
"coeff1c1ent has been seen to vary w1th varylng ratlos of C:N in
.fthe blofllm (Onuma and Omura,-1982) Other than m1crob1a1
assiﬁilationdof NHé—N, ion exchange can be an effectlve sink of .
| NHB—N'in biofilmsr Most of the NH3fN WIll be in the ammonium
ionized form due to fairly low pH's caused by fatty acid
~ production (Strickland Reaction)"espec1ally where 1nadequate
‘}alkalinity exists. Sloughlng of the blOfllm relea51ng NH;- N
;could occur due to normal sloughlng mechan1sms, or due to C02-
' CH gas bubble formatlon shearing- the blOfllm.v o ‘
Mass transfer from the biofilm to the bulk 11qu1d is mostly
“a functlon of the dlffu51onal re51stance encountered by the
liquid thin film (part_c-ln Figure 2.4)."Thev11gu1d th;n film
}thiCknesssis adfunction of the-Reynoids Number”(Re)'of the fluid,‘”
a’w1th thlckness approachlng zero with 1ncrea51ng values (meanlng :.
,;greater fluid turbulence) of - Re. The ‘flux or mass of NH;-N
s transported per unlt area. per unit t1me is glven by (Grady,
1983): PR B
N =‘Dw/Ln*(Cb - o) | | k?ii)

" Where Dw = liquid film diffusion coeff. ( cm’/sec)
B (est. at 1.7E- 07 from Reddy and Patrlck 1983)}

.11qu1d fllm thickness (cm) : '
concentration of NH,-N in biofilm. (mg/L)
fconcentratlon of NH3—N in bulk llqu1d (mg/L)

-N is in the bulk_llqu1d, NH

OO
<£U'£
R

- Once the.NI‘-I3 3

transfer'lnto the
‘bulk gas depends on it's soiubility, Henry's Law constant (Hx)
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and mass transfer coefficient (K)hOf NH3" Solubility blays a‘keY
~part in how much of the total NH3 N in SOlUthﬂ is actually
-un1on1zevaH3. ThlS fractlon 1s then avallable for transpo”t
.into the bulk gas. The governing equ111br_1a._of.NH3 formatlon is
shown in the hydrolysis reaction helOW°” | |

| ‘NH3' + H30+‘ <====> NH + + OH-— -
This reactlon indicates that as pH 1ncreases, so‘will the
'_unlonlzed fractlon of NH3—N rncrease,‘leav1ng a greater fract1on
for'transfer into the bulk gas. . Other-than pH, the unlonlged

ifractlon of NH3 N is affected by changes in temperature,

pressure, ionic strength and sal1n1ty;. Numerous authors such as

_ Trussel (1972) Skarheim (1973)‘ Thurston et al. (1974)

'Whltfleld (1974) and Bower and B1dwell (1978) have calculated the.mt

var1at1on of unionized. fract1on of NH3fN due to_var1at10ns in
these parameters._ | |

Mass transfer of the soluble NH3vacross the water/gas
1nterface (D G on Flgure 2 4) is regulated by the dlffu51onalﬁ“‘
'lfre51stence encountered 1n both the llqu1d and gas th1n f1lms.d
’;The two fllm dlffu51on model was . developed by Lewis and Wh1tmany

in 1924-“ The model.assumes that the solute (NH ) is unlformly

3
mixed in the bulk air and gas phases and encounters molecular
'dlffus1on only in the th1n films (E and F 1n,Flgure 2.4).‘ Steady a
, state conditions are assumed:as.well so that the mass fluxes
Lthrough each film is equal (RathbunbandvTal, 1982). W1th th1s in
_lmind,sthe overall_resistance tofmassgtransfer'isfthe sum of the

vresistances-in~the1liquid and gas_film,hftu
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| Rt = Rl + Rg C o (viii)
Where Rl = 1/kl  where k1l = D1/L1
Rg = 1/Hxkg j.where kg = Dg/Lg

So Rt =.1/Rt Where'Ktiis in meters/day;
Therefore; the overall mass.transfer'coefficient.is:

i/Kt = 1/kl + 1/Hxkg R (ix) -
Usualiy this masS‘transferlcoefficient_is determined:through
hlaboratory measurements (Rathbun and Ta1, 1982,_Murphy}et. al;}h
1987 or MacKay and Shlu, 1981). | . o

Agaln, the film thlcknesses depend on the Re. of the.
surrounding flu1d, Whlch can,become qu;te 1mportant rn landfill

environments where turbulent methane convection flow can create

. jthln gas fllms.:_

The value of Henry s Law. constant (Hx) w1ll determlne in
’most cases whether the re51stance to mass - transfer 1s in the
11qu1d gas or both thin f11ms. Solutes w1th h1gh Henry s Law

constants (>>1 0 atm/mole fractlon) have res1stance mostly in

‘d.the llqu1d f11m wh11e small Hx s (<<1 0 atm/mole fract ) Wlll

_have mostly gas fllm re51stance (Thlbodeaux,,1979) .For Hx s of:
' ’around 0.5 to 5 atm/mole fract., re51stances may occur from o
| both thin fiims. »Thls is espec1ally true for a hlghly soluble
hvolatlle compound 11ke ammonla._ Some Hx s for common landflll

gas constltuents are llsted below (from Thlbodeaux 1979);v



COMPOUND Hx (atm/mole frac.) RESISTANCE

N, ' 86,500.0 _

cb . 57,0000 o |

H,S o . 54,500.0 Ligquid Phase

o5 : . .43,800.0 - S

ch, 4 000.0

co; 1640.0

NH, | - 0.843 : ' Both Phases
Propionic Acid - 0.0130 . Gas Phase

Once7the‘Kt is'determined-kthevflux (Jg) into the bulk gas‘h
phase can be estlmated from equatlon (x) below. To use this
equatlon, one must know or acqu1re concentrat1ons of the bulk gaSy
*and l1qu1d phase,vand also convert Hx from atm/mole frac. to atm-i
m /mole. » lv' | |
o frvdg'erkthw 41RTC§/ﬁxll‘bl1};‘ (x)

Where R is gas constant (in atm—m3/mole—K degreeSl

T-ilTemperature in ‘K-
Cg = Bulk concentration in gas phase (mg/L)
. Cw =_Bulk concentration in lquId phase (mg/L)

A typical Hx for NH. at 25 °c calculated from Stumm

"3
and Morgan (1981) is 73E 05 atm m /mole. leferent expressions
for Hx w1ll be: dlscussed in further detall later in thlS the51s..

- 2 5 4 2. MASS TRANSFER IN SATURATED ZONE

In most cases when landfllls have a permeablllty greater
_than the_surroundlng so1ls,vmound1ng of the local water table may'~.
occur within the'landfill creatlng a 1andf111 saturated zone.
‘Other than mound1ng, heterogen1et1es within the landflll refuse
, may cause perched zones of leachate to develop ThlS scenarlo

vcreates a macroscoplc planar feature where mass transfer of
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‘ammonia can’ occur at. the saturated unsaturated 1nterface
vregulated by the same two- -£ilm theory already dlscussed A
macroscople conceptual model Of»thlS mass transfer;ls presented
in Figure”2.5;- Some iﬁpdrtant eduilibria reaetions that caau
~affect the amduut of ammouia’aVailablebfor transfer.inte.the gas
'phase‘are‘also presented'in Figure 275' These'reactidns'uill be

discussed in more detail later.

2.5.4.3. AF‘UR’I“HER MOVEMENT IN LANDFILL.

Once NH3 is in the bulk gas,’further mdvement,in the
landfiil would be from diffusiou er-eonvectibu flow.‘Retardation'
or removal of NH3 from the bulk gas would be from sorptlon onto
.1andf111 or cover materlal or redlssolv1ng 1nto the saturated

*landflll gas vapor.‘
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UNSATURATED ZONE Ny, + 0y
COzlg
t NH co
, 3.+ 602 HoS |
VOC's : 24 & CH;, + NH3
4 NH3| g cH
4 : k4
CAPILLARY ZONE (?) 1
v J
v
: N GOy | HyoS & HS™ & §=
3°C02
v \ 24 CHy
, .
Y VQC S NH3|aq |
+
CO2laq % HCO3" = CO3* SATURATED zong CHaNHaTlagq
NH3 + Ho0 & NH,* + oH-
HoO & HY + OH-
NH,* = SOLID © NH4Y + M2 & NH M(1+a)

TFIGURE 2.5 - Cross-Section of Saturated-Unsaturated Zone Showing
mass-transfer and major chemical reactions affecting
mass transfer of landfill gas.
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CHAPTER 3

3. . SITE DESCRIPTION AND HISTORY-

3.1 MATSQUIY;’CLEARBROOK LANDFILL
3.1.1. LOCATION | |
Matsqdi - Clearbreok landfill is a 10 ha'sitedlocated
approkimately 3 km north of downtown Cleatbrdok-juat off
:Tretheway,street (Figures 3.1.‘§'3.2). The apprexiﬁate
elevation of the site is 45 m above mean seavlevei. ‘

.3.1.2. 'PHYSICAL DESCRIPTION

The reglonal hydrogeology around Clearbrook is domlnated by:
a glaciofluvial t1ll-1nterbedded w1th1n fluv1a1_sands and - |
‘gravels. ' These deposits’were'terned "Sumas.Drift" by Halstead--
- (1986). These'depesitS'can‘be}fonnd»inia.neighbeting gravel pjt
operation (See Figufe_3.3) where;a'eutthank.15hmetersihigh]shows‘:ﬁ
interbedded sands:and gravelsQ 'Sdme'of the toarse ‘bedding eQen
exh1b1ts 1mbr1cat10n, a common 1nd1catlon these gravels are of
3fluv1a1 (channel dep051t10n) orlgln.»:Local'groundwater levels-
appear to be ‘about 12—13 m beIOW»thedland sntfacenin the‘winter‘e."
by dlrect 1nspect10n of gravel p1t ponds._ Thelaverage annnal'
~ prec1p1tat1on on the 51te 1s approx1mately 1400 mm taken from the g:
dlocal weather statlon in nearbv Abbotsford | R

3.1.3.  HISTORY AND CHARACTERISTICS OF FILL

ThlS trench £ill operatlon began in 1974 w1th landfllllng
mov1ng from a west to east d1rect10n at the 51te.‘ Intermed1ate
or da11y cover was a th1n layer of the trenched sands and

gravels. The last cell opened in 1983 and ended in early 1984
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'(Willie'Riemer, pers. comm., 1987).

The £ill averages about 12 m‘inﬂthlckness and conslsted
mostly. of MSW with unusually large amounts of,dead animals that
vwere 1andf1lled in cells or 1nd1v1dual plts. The.dead‘animals
were pr1mar1ly from the local poultry 1ndustry .Other types of _
material landfilled include: large volumes of gypsumdboard, |
which causes greater sulfide formation andvregular.dumpings of
sewage sludge (Willie Rlemer, persr comm.,‘1987) |

The f1nal cover was constructed of hlghly compacted local
’trenched sands and gravels (same as 1ntermed1ate cover) w1th B
approxlmate thlcknessrof about‘0.70 m, On top.of the.f1na1 cover-
a layer of crushed gravel has been.lnstalled;‘soathat the . .
landfill can be used as’a parking lot>for local activities at .
‘the nelghborlng mult1 purpose bulldlng (See Flgure 3 3) ”Total_ -
por051ty of the cover 1s est1mated to be about 35€. |

Offsite mlgrat1on of leachate has not been documented
however, steps have been taken to regulate the dralnage flow a ,

~few 100 meters northwest of the 51te. Gravel p1t pond1ng shows”

no phy51cal ev1dence (color or smell) of leachate contam1nat1onf:;fg

.hence, the author belleves the groundwater gradlent 1s 1n a

north northwest d1rect10n. -Low volume, h1gh strength seepage;was”
noticed for the flrst t1me in early Aprll 1988 in the gravel pit

.cut»bankvadjacent to,the‘flll area._ Thls discharge:seemed_to:}

‘follow consistently heavy'rainS”thebweek before.

3.1.4.° GAS EXTRACTION SYSTEM

Problems with offsite'methane migration were detected in
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_1983.before‘the‘last £ill Qas‘ccmpletéa In November,'1983, E.H.
'Hanson & Assoc. began a design of a gas collect1on and
utlllzatlon system.r The structures that were 1n greatest danger
of methane ‘explosions were the multi- purpose bu1ld1ng and storm
Qsewer on Halda Drive (see F1gure 3 3)- Methane concentratlons of
greater than 506 and 20% were detected below the foundatlon slab
~and washroom dra1ns respectlvely in the mult1 purpose bu11d1ng
"(E H. ‘Hanson & Assoc., 1985). A gas trap was installed in the
~storm sewer, whlle an a1r 1nject10n gas extractlon system B
ellmlnated any ‘methane under'the multl—purpose burldlngr1n less

than 24 hours after system start- up (E.H. Hanson & Assoc _ 1985)

In May, 1984 constructlon of the gas extractlon ut111zat10n =

'system was completed ‘The_system‘orlglnally“con51sted of 16 alr' N

1nject1on and 16 w1thdrawal wellsvon the north and west perlmeter‘
of the landf1ll with 6 fuel wells located w1th1n the. western
ivportlon of the refuse layer Because of off 51te mlgratlon east
'of the landflll ‘more 1nject10n w1thdrawal wells (7 and 4 -
respectlvely) were 1nstalled in early 1985 Also, two more fuelb_v
fwells (F7, F8) were drilled- at thlS tlme in the more . easterly
,portlon of the landflll | The fuel wells (ones used for th1s
study) are 7 5 cm in- dlameter, average S-10" meters in depth andly.
are perforated the entlre length startlng from 1. S‘meters below7A
‘the landflll surface. | | | |

: The extracted gas is collected and is f1rst sent to the o
compressor and second to the storage pressure tank | The-

'}compressed‘gas (untreated) is p1ped to_8 furnaces and a hot
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water tank located w1th1n the mult1 purpose bu11d1ng The
furnaces were retrofltted to accept the untreated ‘landfill gas,
which has only about a 500 BTU/CF heatlng value (E.H. Hanson &
Assoc., 1985). |
‘The 51x fuel wells were used for 1eachate and gas sampllng

because of thelr easy access and locat1on w1th1n the landfill.
Only two wells, F2 and‘F5 Matsqui contalned leachate_throughout
the study’period; .Wellst1 and F3 began to show leachate in
December of 1987 after’heavy.rains., Because of sampling ° .
‘.problems, F6 wasAdlscontinued in mid—November and replaced by
ijWell F8. The locatlons of’ all sampllng wells are located on L

VFlgure 3. 3

| 3'2", STRIDE AVENUE LANDFILL
| 'L'3;2.1. LOCATION ~

Strlde Avenue is located just upslope of.S E. Mar1ne Drlve‘
'on Burnaby s south slope at approx1mately 100 meters above mean
fsea level (See F1gure 3 y 3.4). ThlS 8.08 ha landflll 51te 1s‘

some 1200 meters north of the north. arm of the Fraser Rlver

;. (Atwater, 1980)

S 3?2;2; PHYSICAL DESCRIPTION '

The main 51te was orlglnally a gully that has 51nce been
:bf1lled (See or1glnal surface elevat1on contours on F1gure 3. 4)
._The's1te is generally underlaln-by post glac1al sands wlthvsomef
»gravel' Along the gully floor there 1s ev1dence of 1nterbedded»
silt in the ‘sandy gravel (Atwater 1980)

Surface water runoff from the s1te is flumed alongS1de ‘the.



fill and is discharged into the gully at the toe of the fill.
‘-This creekreventually discharges into the*Fraser‘River at Byrne
Road. There have been elevated’concentrations in the creek of
certain inorganiCCCOnstituents fron leachate seepagefinto.the
creek. Atwater (1980) voicedva concerngabout high manganese
concentrations measured downstream.of.the landfill in 1979 thatt
‘exceeded the recommended’concentration‘of QQZ mg/L . in irrigation
- water by almost IO:foldQ | o

| ' Adjacent to the fill;'groundwaterpwas encountered at a depth
of 15 m (Atwater 1980). Thishauthor detected red—coloured
seepage from the thlcker portlon of the landf1ll north of well

- F7 (See F1gure 3. 5) after heavy rains in early Aprll 1988

' Average annual prec1p1tatlon at thlS 51te is estlmated to béf
‘-about 1270 mm (Atwater,.1980) o | | |

3.2.3. HISTORY AND CHARACTERISTICS OF FILL

Str1de Avenue opened around 1910 for ‘refuse dlsposal and
-closed in 1969 Slnce 1986, the western portlon of the, flll has‘~
been reopened for d1sposal of garden wastes and slash for Burnaby‘

re51dents.

" The or1g1nal f1111ng operatlon proceeded 1n a southernly

B dlrectlon from the north east end of the s1te (See Flgure 3, 5)

The operatlon con51sted of gully f111 with some filling of 6- 9 m
deep sand excavat1ons on the western flank (Atwater,'1980) - T e
£ill depth 1s bel1eved to average 12—14 m but can be up to l27Cm
deep(Atwater, 1980). E. H. Hanson & Assoc. (1985) used

: hlstorlcal data w1th drlll hole logs to construct an. 1sopac map
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yshow1ng the relatlve thlckness of the landfill. inspection of
this map indicates the deepest portlon of the fill to be jUSt
north_of_wells E6_and»F7;(See'Flgure 3. 5)

The fill is mostly MSWV with lesser amounts of mun1c1pal
y,cleanlng debr1s (road cleanlng, etc )., wh1le demolltlon and |
construction material was generally d1rected elsewhere (Atwater,
»1980)._ Fill volume and total mass were eStimated by Atwater |
1 (1980) to be 987,000 m> and 5.3 x,108'kg‘(527yooo_tonhes)_'
-respectlvely | :

Cover th1ckness is estimated from dr1ll records by E.H.
Hanson & Assoc. to average about 2 meters in thlckness.v Near-

urface samples taken of the cover materlal 1nd1cate a clay wood ;h
_ch1p mlxture with good consolldatlon. Total por051ty of the;,,’

‘cover is est1mated to be about 30/ by thlS author.'

- 3,2.4. GAS EXTRACTION SYSTEM

E H Hanson & Assoc. began 1nvestlgat1ng p0551ble offs1te"

'; methane mlgratlon at Str1de Avenue . 1n 1981 They 1mplemented a

umon1tor1ng program complete w1th a gas well collectlon systemﬁ.w=-‘

ythat was. completed in late 1984 In 1986 new development
proposals to re-zone the land surround1ng Strlde Avenue landflll
called for more observatlon wells to be drllled north of the
landfill " (See Flgure 3.5). o |

One 1nc1dent of methane explos1on dld occur at the landflll
'1n 1985 durlng constructlon of a new storm sewer._ However, there _
is no documentatlon of methane m1grat1on threatenlng any off51te

structures to date.
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Overall, the sYstem at.Stride_Avenuevhas at least 20
~monitoring wells'and 8pextraction wells. The extraction-fuel
wells range fromy8 to 20 m in depth and are 7.5'cmvin diameter.

At certaln'times of the,Year,hgas from these fuel,wells (F1
to F8) is collected and'sent to'the-burner housing located on the
Awestern portlon of the fill (See Flgure 3. 5) This burner uSes'
the methane as a fuel for burn1ng recently dep051ted garden waste
" and slash. Also,»when on vacuum, these fuel wells,help to
contain any offsite methanenmigration.

Sample.wells used were F2, F3, F6, F7, ‘EBtand 310; Location
of these wells are presented in F1gure 3.5. The wells:were |
‘chosen because all wells except F8 contalned leachate.' After
’ :'heavy ralns,.FS-began show1ng;leachate~1n.mldeecember:1987,_~h:
Well B1d was originallycchosen béCaUse of'itfstdirect proximity
’to the active’fill'area.’ However, this well-was buried by
dep051ted garden slash in m1d October and never sampled aga1n..5
h.All other wells in the act1ve flll area were 1nacce551ble for .

fsampl1ng the leachate.

s3.3§ . RICHMOND LANDFILL
BTN LOCATION

Rlchmond Landf1ll is located in the Mun1c1pa11ty of R1chmond
]USt north of the main arm of the Fraser R1ver and jUSt south of
IWestmlnster nghway (Flgurest3 1) The landf1ll'property'
hcon51sts of about 270 ha,’whlch about 20 ha cons1sts of the \ »
,study s1te.' ThlS study site is- located jUSt off No- 8 Road at the -

north end of the landf111 property (See F1gure 3 6). The'
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elevation ofdthe landfill site is just a few meters above sea
level.

3.3.2 PHYSICAL DESCRIPTION

The site rests on a peat bog.of thlckness up to 5 m-whlch is.
underlaln by 0.9 to 7 3 m of 51lt and clay This 51lt and clay
-1s underla1n by up to a 30 m thick unit of deltalc sands
(Atwater, 1980)

Reglonal water table levels are close to the ground surface
at.thls site. Within the landf1ll refuse load1ng on the peats
has caused a concave depre551on to form in the peats where water
table elevatlon has become hlgher than the Water levels'of-thel
ne1ghbor1ng Fraser Rlver.' Plezometers in the sand and refuse
layers show a profound head response to t1dal fluctuatlons,
bwhereas response 1n the peat unit 1s ever 1ncreas1ng due to the.
load of the refuse (Atwater, 1980)

Average annual prec1p1tat10n of the 51te is ]USt over 1000

. mm/year. ,.1

Cut”off-dltches~were installed tobcollect leachate on the
vperlmeters of the landflll in the m1d—1970 s. These ditchesVJC'
Cdlvert leachate e1ther to the northwest storage lagoons ‘or are
_dlscharged into the FraseruRlver at'the Nelson Road ‘pump statlon;:
For a more.thorough discussion on'leachate'from Richmond:‘ | |
landfill,»refer to Atwater (1980) o .

3.3.3. HISTORY AND CHARACTERISTICS OF FILL

The landflll operatlon began in 1971 and ended in’ December

41986 (E.H. Hanson & Assoc.,,1988);' The last flll to. be completed
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V'was in the study area site. RichmondﬁLandfill Ltd' operated the,
fill operatlons under an. agent s agreement w1th the Fraser R1ver
Harbour Comm1551on (FRHC) which owns the landflll property- -

The f1111ng operatlon consisted of a 1.2 to 2.1 m lift of

- mattress fill followed by a second llft of 2 4 to 4, 3 m of

refuse. An add1t1onal two lifts were placed 1n.the 20 ha study’
site. Estimated £i1l densities for the 20 ha studylsite have not
Vbeenrdocumented. Older fill densities,‘before regular cell
construction technlgues were.practlced, was estimated,atlélb -
kg/m3 (Atwater, 1980). _ , ‘ N
Da1ly and final cover was dredged Fraser River sand  The
.f1nal cover on the study 51te is estlmated to average 5”m'in
‘thlckness (G. Huckulak pers, comm., 1988) Th1s sand and gravel
cover 1s unconsolldated hlghly permeable, w1th total poros1t1es
rest1mated by th1s author of over . 506.( The hlgh poros1ty of thev
cover has allowed large volumes of rain water to 1nf1ltrate the
landfill,” moundlng water up to 2 m below the landflll surface.

The fill was characterlzed by over 4.4 X 108

kg. (435 000

- tonnes) of MSW dep051ted annually, w1th large amounts of llqu1d
.waste dlscharged on51te up to 1978 when thlS was stopped Large
yvolumes of constructlon and demol1t10n debr1s were also dep051ted
_‘on the landflll property vThe 20 ha study_s1te‘con51sts solely,u
Cof MSW fill. | | : o

3.3.4. GAS EXTRACTION SYSTEM

About 2 years prior to closure of the actlve f111 area, E.H.

Hanson & Assoc. approached FRHC for acqu151t1on of landflll gas
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rlghts while consult1ng the comm1551on on landflll gas control
measures. Gas control measures were con51dered in an attempt to
reduce or eliminate the r1sk of gas m1grat10n 1nto the planned
- future industrial park that«waslto‘Servernew_port*facllities
along the Fraser R1ver. | | | R
After an extensive rod- probe test1ng program of over 270 ha
_ of the potent1al developable area, E.H. Hanson prepared
recommendations‘to the’FRHC control of landfill gas.'»Thelr.'
_ recommendatlons 1ncluded contalnlng, extractlng and burnlng the
gas. At thlS p01nt FRHC gave ‘gas r1ghts to E H. Hanson & Assoc,
in return for~a royalty payment~ They were able to f1nd a
:customer for the gas in La Farge Cement (See F1gure 3 6) wh1ch
guses the gas 1n thelr cement kllns as a supplementary fuel'
(supplles 13% of the1r energy requ1rements) This h1ghvk1ln
temperature coupled w1th>a long retent1on tlmebensures'complete
combustlon of all gas components (E. H Hanson & Assoc.; 1988)
Costs for. thlS system were shared from Energy, Mlnes and
'Resources, Canada (contrlbuted to 18ﬁ of capltal cost) and Blo‘h
:Gas Industrles of Vancouver, wh1ch 1s a group of pr1vate
1nyestors. At the tlme, payback for 1nvestors was estlmated at 3
‘years., Orlg1nal cap1tal costs were valued at over $500 000.
-Th1s progect is the only one in the world supplylng landf1ll gas
'-as fuel to cement k1lns (E H. Hanson & Assoc., 1988)
Installment of the gas collectlon system began in June 1986:
‘w1th the 1nstallat1on of 36 wells on the eastern portlon of ‘the

'landf1ll study’ area (See Flgure 3. 7) Th1s part of the system
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became operational on November 4th; 1986,;'In early December'of
l1986,¢after'disposal'operations-ceased,_an‘additional 28pwells
were drllled_and:put on line by,latefDecember; In late 1987, the
gas production from.thi5~64.well collection system_was‘around
20;5'n3/min,(725 CfM) while averaglng 56.5% methane (E.Hr’aaﬁsoh_
& Assoc, 1988). - o | |

‘Ektraction wells are 7. 5'Cmvin diameter and'reach an. _
.average depth of 7 5 m into - the landflll Perforations begin TES
.m below the top of the cas1ng and extend for the rema1n1ng 6 m.'
The borehole is. about 20 cm in dlameter, w1th gravel filling the
. annular space between the borehole and ca51ng --In_contrast to . ;
“the- other three landllls studled :well head~as$emblies_in |
_ Rlchmond Landflll are. located above ground | _

The collectlon system con51sts of rows of 10 cmldianeter'PVCl
piping where a 20 cm d1ameter header connects to each row of th1s'~
'lplplng Each.row is valved B Condensate dra1ns are spaced
:throughout thlS collectlon system.v

The gas from the headers is then routed into. a 25 cm.
d1ameter 6 km long transfer p1pe that transports the gas to a

blower whlch 1mparts about 70 cm (28 1n )_of,vacuum to thlS

transfer 11ne (E H. Hanson & Assoc., 1988) ’ On the outlet'end‘of..~

the blower is a 150 cm dlameter pressure 11ne w1th about 12 5 p51g_

of pressure that transports the gas another .6 km to the cement
kiln. = The pressure of the llne when reachlng the klln is about 5
psi. Blow out valves to r1d condensate from th1s llne are

located throughout the dlstrlbutlon system.:-No pretreatment of
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_gas'is‘employed at this site.,'For‘a more“detalled'plan of thisb
‘-system refer to E.H. Hanson & Assoc., 1988 ) ,
Sample wells used in th1s landf1ll s1te were B8 D9 C6 *G7, lf
D 55 and B 53. -Location of these wells 1s presented in Flgure |
i 3.7.' These wells were chosen for: sampllng because of the1r easy'
acce551b111ty, and varled water 1evels. Also, sample wells were
Spaced around the landfill for a better representat1on of

spatlal dlfferences found in th1s very heterogeneous f1ll

3.4 PREMIER STREET LANDFILL
- 3.4, " LOCATION T
Premier Street Landfill isllocated in the‘District of North
Vancouver on the easthflank of . Lynn Creek approx1mately 2 km
'north of. Second Narrows Bridge (See Flgure 3. 8) The overall
51te is approx1mately 20 ha in 51ze at a- base elevatlon of aboutb
25 m. | | :

3.4.2, PHYSICAL DESCRIPTION

The;landfill lies on fluvial:sands'and‘gravels}lwhich_make"‘
up a 2*9 m:terrace-jUStvaboyelLynn Creek This‘unlt'rs very
'coarseband permeable. Underly1ng this un1t is a dense grey 51lty -‘
sand and gravel t1ll Prev1ous 1nvestlgat1ons have detected |
upward groundwater seepage from the till 1nto ‘the more permeable :
" fluvial sands and gravels (Golder Assoc., 1983)
ThlS hydrogeolog1c env1ronment is su1table for large‘wolume»'

dlscharges of groundwater 1nto Lynn Creek | A water balance.' |

calculatron donerbinolder Assoc. (1983) est1mated a groundwater

| discharge.of 55,188 m3/yr into Lynn Creek from the newer landf1llh'
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"siteél They mention, however, manyfof the inputs to_the water
balance are poorly defined" Much of thislgroundwater is“‘
._contamlnated by landfill leachate, which has been mostly
»'contalned by a dyke and. slurry bentonlte cutoff trench located -

in one area between the_landf;ll boundary_and Lynn:Creek and

Y.u another area seperating the younger from older fills. A

perforated»leachate'collectionbpipe rUns_parallel'to this trench.
'and dyke’adjacent to Lynn Creek to contain'and direct'the
~leachate to a central collect1on point for further pumplng to the
mun1c1pal sewer system.: | |

Average annual prec1p1tatlon‘at thlS 51te 1s the greatest of
- the four sites and is estlmated by Golder Assoc._(1983) to_be
about 1880 mm/yr.

3.4;3. HISTORY AND CHARACTERISTICS OF: FILL

The Distrlct of North-Vancouver -began flll operations'in7*
1959 and ceased operatlons in the active flll area 1n ‘the Sprlng -
of 1988 (See Figure 3. 8). The study site is located in the older -
flll whlch completed operat1ons 1n 1981 (Peddle, 1986) The
study 51te consists of an. area flll up. to 25 m deep
| It is understood that constructlon of the older landf111 was
~preceeded by constructlng a 6m hlgh.dlke of loose s1lty sand :
and gravel along the east bank of Lynn Creek. In”additloni
constructlon of a mattress layer of 1mpermeable mlneral fill
'preceeded normal f111 operatlons (Golder Assoc., 1983) This
_ older f111 area is now used for recreatlonal ball f1elds and

tennls_courts.' It is generally understood all types of material,
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1nclud1ng l1qu1d waste, were accepted for dlsposal at Premler
Street throughout the 1960 S. : |
The landflll.cover_around the'studyfsitegwas'found to be
compactedvaltered clay and shale debris wlth.an_estimated total
por051ty of 25%. o -

'.3.4,4. GAS_COLLECTION SYSTEM

In 1985 an extractlon and flar1ng system was installed to
control or reduce odorous emissions from Premler Street. Landf1ll_
The flare stack is located just west‘ofrthe_welgh scale and was’
in:March,h1986 recefving approximately 8.5 m3/mina(3OO'CFM) of
extracted landfill gas'(EfH;_Hanson‘&.AsSOc;}vf986). -

'Presently on site there are’21 eXtractlon wells of.7 5 cm
“in dlameter that average 20 m deep." Addltlonal gas collectlon is -
lthrough a perforated p1pe system burled in the most recently
completed f1ll area (See Flgure 3 9). ' This. collectlon network

" has been found to be very 1neff1c1ent (E H. Hanson & Assoc.,_
1986) Plans for the future 1nclude well 1nstallat10n 1nto the: g
 now active portlon of the flll for further control of odors. |

My reasons for u51ng only two wells (P1 and P2) for sampllng

mat thls s1te was due to thelr access1b111ty for downhole leachate“j’

collect1on; All other wells on 51te had a seperate below ground
ontrol valve assembly with an 1nacce551ble bur1ed well head

V that was. 1mposs1ble to collect ‘leachate from. |
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CHAPTER 4

4, METHODOLOGY

4,1. FIELD METHODS

4,1.1, INSTRUMENTATION ‘AND TECHNIQUE

‘Parémeters that were_measuréd on site include leachate pH,
water level, ambient air, gas and leachate temperature,
barometric pressure, and lastly, static gas flow. Samples
collected‘for lab analysis include leachate samples, gas samples
for gas partitioner analysis, andrNH3-N gas.samplés for
‘autoanalyzer analysis. »

The following instruments were used in the field:

A. Leachate Collection

Leachate was‘collected from 7.5 cm diameter gas extraction
wells with two different diameter PVC bailers. The bailers weré

both about 1 meter in length and varied in diameter from 2.2 cm

.-(ID)-to 3.75 cm (ID). Leachate entered the bottom of the bailer

through a 4 mm diameter plastic check valve. These check valves
“were loosly fitted and easily removed for cleaning when the val&e
got clogged; which it did‘frequently. The smaller diameter
bailer was used at Richhond and Premier St. Landfills because thei
larger bailer got hung up in these landfill well casings.

Leachate was collected ih 500 mL plastic bottles after
discarding two bailer volumes of leachate. After lab analysis of
the samples, both the bailer and bottles were acid washed.

Water levels in the wells were measured by the calibrated

nylon rope that lowers the bailer into the well. Originally, a
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steel surveylng tape was employed but was. found to be rust1ng, )
:so it was dlscontlnued As the bailer encounters leachate, ' |
tugglng mot1on from leachate surface tension is ea51ly felt on-
' the rope. At this tlme, the spot where the rope and wellhead top:
jmatch is marked and measured by a carpenter s tape to a known
length on the rope. A tare of 1. 64 m is added to to thlS length
to account ror the length of the baller and rope from the deflned‘
zero mark on the rope. |

v,BQM Statlc Gas Flow

e'ror well flows - of approx1mately 8.0 L/m1n and over, a
Rockwell Internatlonal RC~230 residential gas flow metervwas
.used; For static.flows generally less'than_this,’the,pressure
'._flow was not-great’enoughfto turnbthe crank-bracket inﬁthe meter,
v:so alternatlve meters were tr1ed Both bubble flow and d1al
flow meters were tr1ed but had problems because tub1ng adapters-
were 1nstalled to. match the flow meter s 1 cm dlameter-outlet
'with the well head 2.5 cm (ID) d1ameter sample tub1ng In turn, -
this flow constrlctlon decreased flow rates. to g1ve erroneous
reSUlts. I solved the problem by g01ng to small 'one-llter
vplast1c Safeway coffee bags that were eas11y callbrated to 0.5
and 1.0 liter volumes. To calculate flow rate, a'stop'watch was
used to measure the time it took to flll up the llter bag }This
technlque is error prone, probably 15 to 20 % error, but was the
only fea51ble technlque ava1lable at the t1me.

| The RC 230 re51dent1al flow meter has a rated flow capac1ty

of 230 SCFH (110 L/min) and a ‘total percent-error of less than;d
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1%. Greater error may exist in‘sOme measurements‘where well flow
was measured above 110 L/m1n (ie; D9 and C6»Richmond).
C.' Barometric Pressure |
dearometric'pressure_was'measured by av"Baromaster" barometer
vthat‘was calibrated'eyery two weeks"from the Vancouver.Inti
'Alrport Env1ronment Canada weather station on' the way to sampllng
Richmond landfill. Accuracy of this instrument was not
‘documented in the user manual.
D,-‘Temperatures ; |
V’Ambient.air, landflll gas. and leachate temperatures were
measured by a normal mercury fllled glass thermometer. ThlS
'fthermometer was encased in an unbreakable stalnless steel sheath.

- and lowered on str1ng w1th1n the well to approx1mate1y 1 to,2rm

. above the water level to record well gas temperature.' Problems,

:.w1th this method 1nclude well ca51ng condensate contactlng the
‘thermometer.v Leachate temperature was measured once the leachate d
was invthe samplesbottle.m |
| “E. 'pn_ V
| LeachateapH'was determined.less,thani5bminutes”aftermf,
;coilection tofguard;against'erroneous readings”due toYCarbonatep.
vequilibria‘shifts.‘ These equiiibria shifts:commoniy occur from
'pressure and temperature changes of the leachate when the samplep?
| is brough up and out of the well The f1eld pH meter used was a
'dHorlzon #5996 30 battery operated LCD- dlgltal dlsplay meter.‘.The.
'power source is a leCadmlum rechargeable battery The pH ’

electrode used was a 91*06 Orlon epoxy body gel fllled
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combination‘general purpose.electrode. Calibration of'thetmeter'
-‘w1th pH 7.0 buffer standard was practlced f1rst th1ng every |
‘mornlng at 51te ‘and was checked per10d1cally for callbratlon.
edecay.' Decay wasvnever found to be a problem as 1ong as the,_v
meter was set in standey mode‘between readlngs.h ThlS pH meter
‘also was equ1pped w1th manual - temperature correct1on.

Documented accuracy of the pH meter is reported at z 0 01"
: pH un1ts w1th a resolution of i 0.01 pH unlts.' Results of an’
‘accuracy comparison made in this study are summarlzed in Appendix

A.7 and detailed in“Appendix A.6.

4.1.2. NH3-N GAS SAMPLING TECHNIQUE |
-NH3—N:from landfilllgas was:sampled using a gas*bubbler

'. containing'a'trappinglsolution of ZQ,OOO‘ppm,otiboric7acidy‘;This
acld’bubbler technigue is common for sampling atmospheric“ammoniadx'

(see NRC ’1979) wh1le u51ng H SO 1nstead of H.BO

4 "33
:techn1que is feas1ble for sampllng low NH3 N concentratlons

-The

because large volumes of gas can be passed through the solut1on
concentratlng the solut1on enough to be detected by normal
{analytlcal technlques. o

A schemat1c of th1s 51mple sampllng techn1que is shown ln
Flgure 4, 1 ' In summary, landflll gas is pumped from the "_7
extract1on well at around 6 L/min into the gas bubbler (#8 on

Flg; 4.1) where ammon1a 1s protonated to 'NH ’ wh1ch then stays'

4
in solutlon'by.react1on“(1): ,
: : + - ‘ +‘ I . S
“NHy + H + HyBO; --=> NH, = + H,BOj 1) -
Boric acid is used as the trapping solution because it is -
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‘easy to handle'in the fleld (a very weak*acrd),"slmple_and
1nexpen51ve to prepare, and lastly, it showed the samevNHé?N
”retentlon capac1ty as 0.1N HZSO4 and oxallc acid 1n 11m1ted tests
run. . | , |
- The gas\buhbler is a glassﬁFisherfMilligan,"gas'washer"xthat
ls sealed at the sCrew?offdcap‘hy a rubber cap gasket. Connected
on the cap is a glass flow tube where pumped gas flows through a
.5 mm. dlameter flow constr1ct10n for max1mum dlspers1on and out
into the bor1c ac1d solution. - W1th1n the glass bubbler, isya
sp1ra1 network of. channeled-glass wh1ch max1m1zes:contact time of
. the bubble and solut1on A solutionvvolume of around 70 mLiwas'
.Tfound to be optlmal since greater volumes seemed to leak from the
_tcap gasket | B | . |
The sampllng pump used is a Cole Parmer dlaphragm operated
“."Alr Cadet" pump spec1ally des1gned for pressure suct1on and gas
"'c1rculated appllcatlons. Thls,51ngle speed pump requ1res 12_volt' j
battery power and can handle max. pressure loads of 15'psig
) Max1mum vacuum and gas flow are- rated at 18 1n.(Hg and 18 8 ,1”

‘A'L/mln. The 12 volt pump motor has a capac1ty of 1/30 hp at 1650

’viRPM; Throughout the study perlod the pump operated at around 6

L/min flow w1th occas1onal flow decrease from partlculate matter
- clogging the valve seats.

: The RD- 230 gas flow meter was used to record the cumulat1ve
volume in llters, of gas that passed through the bubbler.‘ To get.”
ample NHj—N mass for ana1y51s,vsamp11ng was carr1ed out for 30 "

'mlnutes wh1ch results in just under - 200 l1ters of total gas
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1. Gas extraction well

2. Special PVC well cap

3. 1" (2.5 cm) diameter tygon tubing

4., RD-240 Gas flow meter

5. Tubing reducers from 1" down to 3/8" (1.0 cm)
6. 3/8" tygon tubing

7. "Air Cadet" 12 volt pump

8. Gas bubbler |

FIGURE 4.1 - Schematic for NH3-N gas sampling
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volume being passed through the boric acid sample.iu

In order to decrease the potent1al for air and/or ralnfall
contamination, funnels were used to pour bubbler solutlon and
'sample into their respective containers.' Evaporatlon of.sample
f.andfammoniaycontamination from human breath were consldered
'negligible.' After sampling, the gas bubbler was r1nsed 2 times
with ammonia-free distilled water. After every sampl1ng run,»the
bubbler was throughly soaked in HCl cleanlng ac1d

Problems encountered durlng sampl1ng included dirttand'sand

hblntru51on into samples and condensate bu1ld up on. sampl1ng tubes.

: Condensate was espec1ally apparent at Rlchmond landflll where the

":landf1ll gas is saturated_w;th water~vapor. A-major-concern.w1th
"this oondenSate build—up-was theypotential'sorption'ovaHéjN'onto"
'_Vthe m01stened sample tubes. On a number of occa51ons, thisi"
condensate was - sampled at the end of the day by flushlng the -v
otube with. 100 mL of dlstllled water.;. |
Two ways were attempted to decrease condensate bu1ld up one'
':the tubes. One was to shorten ‘the sample tube length whlch d1d
- not help any, and" two, was to 1nsert a cotton plug at the front--
'endvof the;tube. The cotton plug was found to be too porous in’
Vdecreasing condensate bu1ld up I also r1nsed the cotton plug.
after use and analyzed it on the autoanalyzer only to flnd no
Wtrace of NH3 N. ' The same problems occurred when u51ng a Whatman-
No; fllter 1nstead of the cotton plug

One way I d1d not ‘try is wrapplng the sample traln w1th

f;thermal heat1ng tape to keep the temperature above the'dew~point
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:of}the gas while sampling. | |
| Other than using.the Whatmanr41 fllter for ridding theb
xcondensate bu1ld up, I d1d not at any other time pref1lter the -
‘landflll gas before the sampllng bubbler. ‘Prefllter1ng is done

'to rid the gas of any 1nterferr1ng NH that may be bound w1th1n"

4
the part1culate aerosol, _However, in high humldlty env1ronment5"

_like landfill gas, the filter medium.can become a substant1al
‘removal mechan1sm of ammonia gas._'Muchfof this sorbed ammonia

vcould be protonated to NH ‘in the presence of ac1d contalnlng

4
aerosols. ~This may be true 1n landflll gas where chlorlnated

’_"hydrocarbons can react w1th water to forn HCl on the fllter

o med1um.» Work would need to be done to substantlate thlS cla1m.

In ‘reality then the ammon1a gas analy51s is actually

. ' _n
measurlng total ammonia (NH + NH ). The contrlbutlon of NH

4 4

~in my analysis is-questionable.i Kolke et.al (1973) found that o
by not pref1lter1ng atmospherlc gas streams for ammonia analy51s

, results in a p051t1ve error of around 30 % results when not

'prefllter1ng the atmospherlc gas stream durlng ammon1a sampl1ng
(1n NRC, 1979) ‘In landfill. gas th1s contr1but1on could be less

—y‘because a saturated landflll env1ronment is probably a much more:

vheff1c1ent s1nk for aerosol nucle1 than in the atmosphere.

4;1,3;1-VOLATILE ORGANIC SAMPLING

" The main goal of ‘this phase of the- sampl1ng program was to
‘ qual1tat1vely characterlze or - f1ngerpr1nt the types of non- polar_
organlcs present within the landfill gas. The sampllng techn1que

' was kept very 51mp1e and was limited to trapplng only non- polar
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organic contaminants. The sample tra1n con51sted of one Tenax GC .

adsorption trap. The 51mp11c1ty of the sample train contrasts

'.'greatly to the elaborate sampllng setups suggested by Krost et

(1982), Bruckmann and Muller (1982) Brookes and Young (1983)_
.'and Young ‘and Parker (1984) | o » | :
The”Tenax GC 60/80 traps uere.constructed fromli/é inch (OD)
brass in 3.5:in. lengths.. Tenax Gc»material’is packed'within_the
trap and brassvfittings;are cOnnected to'each end of the trap
Prlor to sampling, the Tenax traps were condltloned overnlght at‘
300 oC. ‘Once sampl1ng was completed the traps were capped by.
brass fittings and returned to the lab for GC- MS analy51s
(d1scussed later in thlS sectlon) | _ | |
‘ Landflll ‘gas: organ1c contam1nants-were f1rst sampled in late

January, 1988 at Premler St. landf1ll,: In.addltlon to thlS | |
"sample,”thehnext'two samplesﬁfrom‘FS Matqui and CSlRichmond werefl
trapped'solely using well flow. At all three wells, well flow - |
had to be reduced to approx1mately 40 mL/mln to decrease the

;probablllty of any organ1c breakthrough out the end of the trap.'
}Sampl1ng proceeded for 20 mlnutes to pass a. cumulatlve volume of
}'800 mLs through the trap.. | |

 After the samples were analyzed potentlal contam1nat1on

from the sample tub1ng ‘was not1ced 'so ‘the sampllng technlque was_i
mod1f1ed To correct thlS problem two SKC model 222 3 varalble

5flow personal sampler pumps from the UBC Health and Epldemlology

- Dept were located These pumps allev1ated the problem of tub1ng

contamlnatlon 51nce the Tenax traps could be placed d1rectly in
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‘the-well with suctionvbeing appliedAviaTthe pump. TSample time -
‘was increased-to_40‘min-at a rate of 48 mL/min to get a much
greatertvoiumevof gashthroughfthe traps.plThis improyed‘sampling
technique resulted in a much'greater.detectionlof organicv. |
'-contamlnants as w111 be shown later. In We111C6 oohdensate'.'

build- up on the traps was found to be a problem durlng sampllng

4.2. LABORATORY METHODS

4,201, INSTRUMENTATION AND TECHNIQUE -

'4;2.1;1, LEACHATE CONSTITUENTS

The analytlcal methods used in this study of ‘non- metal
- leachate constltuents are’ descrlbed in detall 1n Standardv :
Methods, 16 Edltlon, except where noted | o

"A. Alkallnlty | |

The t1trat10n was performed to the pH 4.5 end p01nt u51ng a

' Beckman 44 pH meter as per the 16th ed -of Standard Methods.
:B.' Chemlcal Oxygen Demand (COD) | 7
COD measurement was ~done by employing,the:olosed'refux;

~t1tr1metr1c technlque as adapted for UBC as’a*labwstandard fromN

the 13th ed of'Standard Methods.
.C. Total and Organic Carbon
' Both carbon forms were measured using a’ dual channel Beckman

915A Total Carbon Analyzer'(TOCA) with a model 865 Beckman 1nfra—}'

: 7redxdetector. The chart recorder was a K1pp and Zonen BD41

Acouracy of this method is documented at 1;%pof»full scale.



| | | 85
'D. Total Volatile Acids .(TVA)

" The distillation'method in‘Standard Methods, 16th ed was .

employed. Th1s method is 11m1ted to detectlon of organic ac1ds
- containing up ‘to six carbon atoms.v
E.. Total and Volatlle Sollds

Same- method used in: Standard Methods, 16th edition.

: Leachate samples of 20 mLs were_used.

©4.,2.1.2,  SPECIFIC CONDUCTIVITY -

Specific conductiyity of-the leachate.were measured in the
laboratory because no. f1eld meters were ava1lable at-the t1me.
- The lab conduct1v1ty meter was a Rad1ometer CDM3 W1th a model CDC3

”304_plat1num electrode.- Measurlng accuracy is +, 0 .6 % of the
.-standard deviation except in measurements less than 500 - umho/cm fl’
ld where the accuracy decreases to + 1.5 % of the standard
dev1atlon. The platlnum electrode has a cell constant of 1'00x;
cm.—1 10 %. The meter has a cell constant correctlon d1al whlch
is used before sample analy51s for callbrat1on w1th O 01 N KCl

solut1on.

’4;2.1.3.f NH3-N DISTILLATION TITRATION ANALYSIS

Leachate samples were analyzed w1th the technlque as

reported in the 16th ed1t1on ,Standard Methods._

Accuracy of thlS method has been reported to have a std.
dey1at1on of.as great as 21 6% for the lowest concentrat1on1b
«measured of 1. 5‘mg/L Errors in th1s method could result from
'volume measurement errors and 1ncon51stent acid normallty.of the

0.02 N H2$O4f
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4.2.1.4;f_GAs CHRoMATOGRAPHY/MAss SPECTOMETRY ANALYSIS

QualltatiVe analfslsvofdthe trapped‘volatile'organics werei_f
done on a Hewlett- Packard GC/MS model 5985B equ1pped w1th a HP )
7576-Purge and Trap dev1ce.L The trapped organlcs were subjeCted
to thermal desorptlon Wthh 1nvolves the process of flash heatlng
the Tenax GC trap w1th a flow of helium carrier gas. This
releases the lanaflll gas organlcs that are subsequently carried_
by hellum gas 1nto a GC- column where chromatographlc separatlon |
takes place. ThlS separatlon produces peaks of compounds when.
eluted from the column. These peaks are detected by a electron'
impact detector_(EID),- The compounds are further subjected to a:
. quadrapole massdspectrometer wh1ch analyzes the generated maSS"
Spectra;~ The 1dent1f1cat10n of these seperate organ1c comoounds
'were achleved by 11brary matchlng of the EPA/NIH Mass Spectra. |
erlbrary»Data Base,-and compar1sons.w1th publlshed mass spectra."A
The phys1cal condltlons used for these GC/MS analy51s are
f'presented below- ‘ | | o |
Desorb Temperature and T1me :bIBO?C”for 6_min
iColumn Type and Dlmen51ons 'burawax MegabOre Capillar§'colUmn"
' : s ,v50‘o phenyl methyl silicone, -~ . -

7 0.53 mm (ID) x 15 m L

.Temperature Program s f.-.30(4 min hold) - 265°C @ 5 C/m1n>h

Interface Temperature ;,: o 250 C
ITon SourceITemperaturex: - 200%
Scannlng Parameterslfj L .'40-450.atomic mass units @ 1.5 A/D ..

Problems encountered w1th th1s trap analy51s include some

"contam1nat1on of both tub1ng and trap bleed (styrenes and methyl
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‘styrenes found) and poor chromatography, maybe due to C02.and
water vapor- 1nterference.

4.2;1.5. METHANE GAS ANALYSIS

A Eisher_Model 29'Gas‘Partitioner,waslused to separate
commonvlandfill gas components methane; carbon‘dioxldez ﬁitrbgehp'
and_okygen‘into dlscernible peaks. These'eluted peaks'are |
;bdetected.by a'thermal conductivity cell containing fourhtungsten'
filaments' two for reference'and two for detection of the |
resultant change in thermal conductance when a gas compound - »
passes by. The detector records these peaks on a Hewlett Packard :1
‘3380A Integrator,'whlch w1th proper callbratlon, records these
':peaks as_%<volume of gas. o . _

% ‘_Originally; the gas 1s collected in the fleld by 50 mL glass
vials that have a rubber septum w1thdraw1-polnt and plastlc,u~u
stopcock inlet—outlet'valves.‘ When.returned to the lab, a 1 mL N
: syr1nge w1thdraws gas from the v1al and 1njects 1t dlrectly 1nto -
the Gas Part1t1oner.

: The two columns used to separate gas components are column

6 ft X 1/4 1n alum1num packed with 30 % DEHS on 60/80—mesh
lchromosorb,-column,2: 1/2 ft x 3/16 in alumlnum packed w1th o
40/dO-mesh Molecular.S1eve 13x. CO2 is separated through;column
1, while_other gases.are'separated through;column 2. _Carrier_ S
helium gas flows atléo‘mL/min. ~The thermal conductivlty':

°c.

-.'detector temperature is around 70
Reproduc1b111ty of thlS method is documented at + lf%.v

Results summarlzrng the.accuracy of.10 1n]ect1ons of»a standard
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,cas_sample are listed in Appendix A.?.-»Raw'data-for this test
is presented in Appendix A.1. VIn terms of potential érr¢£}5my'
main concern resulted from leakage from sample vials dur1ng the
:tlme after sampllng and before Gas Partloner 1nject1on. ThlS
_concern warranted a 1nvestlgat1on 1nto this where all six sample
vlv1als,were tested for leakage over a 2 day perlod., The<gas
source was the 1aboratcry;naturalygas line thatuhad cverlBOv%d

v methanebby‘volume}' There'was subsequent leakage invthe yials~as
lndicatedein Appendix Ar7. Detailéd-data forlthisftestlcan ben;
-_found in Appendlx ‘A2, o v o o
Other errors 1n thlS analys1s could stem from the leaky
v1nject10n septum already ment ioned or . from 1ncons1stent
1njectlon volumes. To ensure no lab a1r 1ntru51on, the 1n]ect10n
:septum was replaced after every 25 to 30 1n3ect10ns.~ |

4.2.2.  AMMONIA GAS ANALYSIS .

‘This sectlon is concerned w1th describing'the laboratory'”

'analy51s of ammonia gas samples collected in the f1eld ﬂAfter”
- returning the 70 mL bor1c acid samples to the lab they were'tt

refrldgerated at 4 C or 1mmed1ately analyzed No acid A
lgipreservatlon of the samples was needed since the bor1c ac1d
samples werevalready.at pH 4’0ﬁ‘ Headspace loss of NH, was }
‘,ccnsideredhnegllgibleAdurlng transport and storage‘of samples.l

.Samples‘were analyzed,cn the Technicon»Autcanalyzer‘ll.withinjB.h;
B weeks‘after'sampling,' No sampleydecaysdurlng}this period was
:assumed‘tc occur‘Sincevbcric acid NH3;N standards were found_to-‘
stayystable.fcr well over afmcnth.
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The boric acid NH;-N standards haa NH;-N concentrations of
0.0, 0.05, 0.1, 0.2, 0.5, 1.0 mg/L and were loaded ahead and
behind the samples on the Technicon autosampler rack. All
standards and samples were analyzed in triplicate.

This autoanalyzer uses the automated phenate method to
analyze total ammonia (NH3—N). As already mentioned, samples can
be analyzed at a rate of 60/hr when loaded with a 6:1 cam. The
technique is simply a reaction of ammonia with a sodium phenate
and hypochlorite solution in alkaline conditions. This forms a
quinochloramine compound.that exhibits a distinct blue color
lcalled indophenol blue. The blue color formed is intensified
further with the addition of the reagent sodium nitroprusside
(NazFe(CN)SNO'ZHzo); This indophenol feaétion is catalyzed by
heating of the solution at 50°C. The indophenol reaction is
shown below in Figure 4.3.: |

FIGURE 4.3 - Indophenol Blue Reaction

(Taken from NRC,1979)

NH, + HOCl = NH,Cl + H,0

CIH,N + @—()H + MHOCI - .

Cl—N =C>—O + 2H, 0 + 2HQO
@ oD

O_<}0+Hc.
OG_ OOOW

indophenol
blue
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The resultant color intensity at 630 nm is analyzed in a 50
mm tubular flow cell by a colorimeter. This signal is then
translated onto a Kipp and Zonen BD41 chart recorder. A flow

chart of the complete Technicon Autoanalyzer II is shown

in Figure 4.4.

FIGURE 4.4 - Technicon Autoanalyzer Flow Chart

(From Standard Methods, 16th Ed., 1985)

Proportioning

Pump . ~ Sampler
ml/min 60/h, 6:1
Washwater G G} 2.0 Wash
to Sampler 0 wlo23 airr 0
Mixing Coil gpp l o} 0] 0.42 Sample
l R R|08 EDTA
0 010.42 Phenolate
Black |0.32 Hypochlorite

Mix'ingg 0 0] 0.42 Nitroprusside

Coil '
Waste -
[é;] f Recorder

Heating P Digital
Bath D _Q Printer

Blue 1.6 Waste

50°C }
Colorimeter *Scrubbed Through
50-mm Flow Cell 5N HZSO‘
630-nm Filter




91

The peaks from the samples are'translated onto a standard
callbratlon curve to get NH3—N in the sample (mg/L) ‘This
- ammonia concentratlon is then multlplled by the sample volume
:'(around 70 mL) to get the mass of NH3—N in the sample.d ThlS mass
'is then d1v1ded into the total landf1ll gas volume that passed
:1through the bubbler and. multlplled by 106 to convert,the
.concentratlon 1nto'ug/m ThlS concentratlon is then converted
later into ppb as shown in Appendlx B. 4
' ’ ‘The advantages to us1ng thls automated phenate technlque for
ammonia gas are as follows--’ |
'a. The automated 1ndophenol blue method is a proven S
“-analytical technique for trace levels of NH3 N greater o

fthan 0.02 mg/L

"'b. Can analyze a large amount of samples in a small perlod
.. of t1me (60 samples/hr :

C. ‘Not a labor- 1nten51ve technlque, except for preparatlont
. of standards and reagents.'. - L .

- d. Flex1b111ty of analytical technlque to have the freedom:’
' ~ to modify the analytical set-up for special needs, such"
- as replacing certain reagents with other ones less . =~
~.affected by potentlal interferences. This technique
will be d1scussed in detall later. S

4.3, PRECIPITATION STATIONS

Prec1p1tatlon data for each landflll s1te was collected from
rthe closest certlfled weather statlon operated by Env1ronment
Canada;_ The three statlons used and their respectlve
vlandflll(s) are llsted below:

Vancouver International Airport'

- Lat. Long.: 49.11 - 123,10
- Elevation: 2.0 m
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- Landfills: Stride Ave. and Richmond

Vancouver Harbour
- Lat. Long.: 49.18 - 123.10
- Elevation: Sea Level
- Landfill: . Premier St.

Abbotsford Station
- Lat. Long.: 49.02 - 122,22
- Elevation: 58.0 m
- Landfill: Matsqui

4.4. BASIC DATA PARAMETERS MONITORED

The data collected for all parameters in eachlwell is listed
on tables in Appendix D. Associated statistics for each
parameter ié listed below the basic data f%f each well.
Statistics calculated for each parameter were max; min, mean,
standard deviation and % coefficient of variation (C.V.). The
statistics help in understanding the variance of each parameter
collected.

4.5, NON-BASIC DATA PARAMETERS

There are a number of parameters that were calculated from
the basic data measurements or collected elsewhere. These

‘parametefs include: N2/O2 gas ratio, CH, flux, C02 flux, gas

4
density, leachate ionic strength and activity coefficient, and
lastly, site precipitation. These parameters are located in
Appendix E presented in tables just like the basic data.
Statistics on these parameters was not attempted since most of
them are a function of the basic data. Examples of how each of

these parameters were estimated or calculated is presented in

Appendix B,
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4.6. STATISTICAL ANALYSIS DONE ON PARAMETERS

In-addition-to the statistics done on the basic data, there
% were a number of other analysis done on the data to one, help

j describe causal relationships between parameters and two, try to
E predict both NH

-N gas and CH, % through the regression of fitted

3 4
parameters. These statistics include: linear bivariate

.regression,‘non—parametric K-S normality tests, Pearson product-

% moment correlation.and iastly; multiple regression, E#cept for

- the bivariate linear regression; all other statistics were run on

the UBC MTS mainframe program SPSS:X.

4.6.1. LINEAR BIVARIATE REGRESSION

Regression was done on six parameters versus NH,-N gés in a
first attempt to determine any relationships between parameters
and NH3—N in gas. These regressioné were run on a LOTUS 1;2—3
' spreadsheet and were specific to each well. Parameters‘that were

{analyzed include: gas temp., pH, ionic strength, NH3-N in

leachate, CH4 flux aﬁd CO2

4.6.2. PEARSON PRODUCT MOMENT CORRELATION

flux.

Correlation matrices were calculated for each well involving
13 variables-to help in infering relationships between pairs_of‘
these variables; Pearson Product Moment Correlation‘caléulates a
correlation coefficient and its associated level of significance.
All correlations whose p value was greater than 0.025 were
rejected as beihg insignificant. Results of these correlations
are summarized in Appendix F.3.

The product moment correlation coefficient (r) is used to
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explain the fraction ofwvarianoe of'one_variable by another
vvariable. A high correlation coefficient % .0000 infers a
.greater commonal1ty between varlables than a lower one. A hlgh
‘negative correlation coeff1c1ent > —1 0000 expresses a large
negatlve effect one varlable has over another (1e, an. 1ncreasev1n'
one variable results in a. decrease of another)

4.6.3. KOLMOGOROV -SMI RNOV GOODNESS OF FIT TEST

| This method 1s a non parametrlc test to determlne whetherfor

‘not each varlable 1s normally d1str1buted Tests were run on
~separate andvthen comblned wells to oheck-for normallty. ThlS‘

test was especially‘important'for'multiple regressiOn;:which._
”requires_normally distributed data‘for~aoourate-results;' All
,varlables in separate well tests were found to be normal w1th

non- normallty occurrlng durlng comb1ned well tests for somek'
’varlables. Non- normal var1ables were- dlscarded from further
analysis in multlple regress1on.- In the K-S test all var1ables
below the P value of 0. 05 were cons1dered non- normal 'Results'of_:
; 'these tests are llsted in Appendlx F. 2. | o

~4.6.4. MULTIPLE REGRESSION ANALYSIS

In an attempt to’ predlct NH3 N - gas and. CH4 % from available

data, multlple regre551on was.used.v The form of the multlple
regre551on equatlon used 1s below-_'
YY = A + B X + B2X2 + B3X3 + ...E‘Ban

Where Y is the dependent var1able
~ "A is the Y-intercept (or constant) :
B_ is the partial regression coeff1c1ent
_'-Xn is the 1ndependent varlable :

In thlS equatlon 1t is shown that the larger the partialr
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regression coefficient' the.more influence lts correspondfngr
1ndependent var1able has on est1mat1ng or pred1ct1ng the |
‘dependent varlable.

Stepw1se regre551on ‘was used in thls analy51s.. The ffrst
step in this form of regress1on is for the 1ndependent varlables3
to pass a tolerance test before enter1ng the equatlon.‘:Theh
tolerance test is the proportlon of the varlable s var1ance.not
accounted for by other 1ndependent varlables in the equatlon.

. The default tolerance of 0. 010 was ‘used.

After pa551ng the tolerance test, the 1ndependent varlable :

: w1th the lowest probablllty of F value 1s entered 1nto the,

lequatlon.n If a var1able has an F that exceeds Pout (set at
' 0 010) it 1s removed from the equatlon and another varlable not_
in the equatlon is. tested _ ThlS 1terat1ve method proceeds until -
no yarlables not.1n the equat1on‘areAel191ble for entry (SPSS:X_
Users.Manual k1983) | | - S

| In add1tlon to regre551on equatlon statlst1cs, statistical.,"h
analy51s was done on the re51dua1 error of the equatlon; - The
’res1dual'analys15gwas helpful 1n determ1n;ng the;vrab1l1tyvof_the:
resultant regre551on equatlon.v This was done by insoection of
the normal probablllty and residual scatterplots._.lf anyh.
fexce551ve non-llnear1ty was found, the equatlon was con51dered

suspect.
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'CHAPTER 5

5. RESULTS AND DISCUSSION

'5.1. AMMONIA GAS ANALYTICAL TECHNIQUE

5.1.1. PROBLEMS ENCOUNTERED ON AUTOANALYZER

Other ‘than the problems already dlscussed concern1ng'thel'
fleld sampllng techn1oue, there were a number of problems that'
~arose dur1ng the laboratory analys1s of NH3-N gas. “These‘

’ concerns or problems are llsted below-'i o
A, Sen51t1v1ty - Because of low standard concentratlons.of down
to O. 05-mg/L the ga1n -on the 1nstrument was 1ncreased from the
'normal 200 to 500 ThlS had the effect of 1ncrea51ng the
1 sen51t1v1ty, but also increased s1gnal n01se.
. B. - Basellne wanderlng - Blanks were added to the sample traln_
‘»fevery 5 or 6 samples to locate basellne dr1ft _ .y
C. y To hopefully 1nten51fy the 1ndophenol blue even further
0.5 % potass1um ferrocyanate was added in place of Na- | |
. n1tropruss;de, The results however, only 1ncreased 51gna1
,noise._: |
D.. Because my ga1n settlngs and standards were d1fferent from
.'other lab prOJects us1ng the autoanalyzer, my. . samples were run_'
at ‘the end of the day ThlS late day analy51s seemed to causev
?problems from p0551ble aged reagents and a "t1red" s1gnal |
'-response. However, tests comparlng day- old and freshly made up
'phenate showed no change in slgnal response.f Flush1ng of the .
autonalyzer with distilled:water:beforeme“sample‘analysis was

~always done.
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~EB. Suppressed SignaldResponse - Concern for a suppressed‘signal_
vresponse from the boric acid standards and.sampies was layed to
vrest when'Standards of'boric aoid—NH3—N andfdistilled water-NH3—N'
‘were run side by 51de.v Accompanying the boric'acideas two-other
'ac1ds used commonly in ammonia absorpt1on, OffN HZSO4 ‘and oxallc
: ac1d.p The comparlson of 51gnal responses are shown in- Flgure
.5;1;. D1rect‘1nspectlon of the four standards 1nd1cate about an
.equal sﬁgnal response_when subtracted from’their blank response.»
.A tabletof %:siénai response is shown beiOW£l

,TABLE 5.1 - Results of Signal ResponSeiéomparisonj

Standard (mg/L) Water Boric H,S0, - Oxalic
1.0 36.7 38.5 39.0 38.3
0.5 17.7 21.5 21.0 20.2
0.2 12.8 8.5 8.2 8.1
0.1 4.6 4.5 2.7 4.0

F.b‘ Temperature and pH effects -:These effeots'were.not‘_h
investigated;}but stUdiesgfrom?other-inVeStigatorsfis worth -
-'mentioning.p‘The pH‘for‘optimalfcolor Qas‘foUnd.to_be'from-IJ.B
to.11.7‘(Scheimer, f976), ‘Because of the presence of a weak:
.'aoid, itbis highly doubt ful thatathis pvaas,ever reaChed_in:the
_automatedhanaleis.' However, no decrease in signal response'is'
.found when'compared to'the distilled water‘ so pH effects'may not .
make a- dlfference. Stenart'(1985) on the other hand looked at

temperature responses and found that the 1n1t1al temperature at
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reagent miking_was found'to,determine the flnal color absorbance
ofvthetsolution'and,any further increase in_temp; (50 °c) only .
catalYZes the.tlme to.reach‘maximum absorbance. Th1s is .
;interesting, because m1x1ng of ch1lled samples and room
temperature standards could result in var1ab111ty of s1gnal
‘g;esponse.k' | | |

5;r.2; INTERFERENCES

. After prellmlnary analy51s of data showed NH,- N values lower
than expected an 1nvestlgatlon was 1n1t1ated to determlne 1f
/ fsthere is any negat1ve 1nterferences 1n the analytlcal techn1que.‘
:Potentlal negatlve 1nterferences are llsted below in p01nt form.
:1;5 -Landfill gas compounds could cause a decrease 1n absorbance
d»of NH3—N.1nto the\borlc ac1d-solut;onhby.act1ng as a carrlerworv
complexer of the ammonia gas.. This effect;could result‘inbaan

'recovery eff1c1ency lower than estimated. The ‘main cause to

-_th1s 1s aqueous carbon dlox1de, wh1ch can covalently bond w1th

NH

Hs to- form carbamlc ac1d NI—I3 CO2

-mentroned to be qulte»volat1le (Hales and Drewes, 1982) and could

_Th;s’carbam1c ac1d has been

~carry .substantial amounts'of NH3 from solutlon and out of the

-vbubbler., This 1s espec1ally true where CO. can-exceed 45 % by;‘

2
‘volume in landflll gas. More work would have to be done to -
._substantlate thlS cla1m. | | |

2. Another p0551ble negat1ve 1nterference could result from |
,soluble gas components affect1ng 1ndophenol blue color

'developmentv1n.the‘autoanalyzer. »Deta1led'1nvestlgat1onsfhaVe

'been done on this problem by Bolleter (1961), Scheiner_(f976) and
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Ngo.etval (1981) for other chem1ca1 appllcatlons on theb'
'autoanalyzer. o |
| 'Soluble'and'volatileHcompounds that are usually lnblandfill

gas that could depress the color formatlon 1nclude the follow1ng

o compounds with an amlno Funct1onal group ‘such as amlnes, hydrogen

| sulflde and tthl group compounds and lastly, carbon d10x1de.
Amines are a. common decomp051t1on product of protenaceous matter
~'and could be adsorbed into bor1c ac1d at sub ppm concentrat1ons.
‘yA more likely suspect however‘ for cau51ng odor suppre551on ‘are
- the soluble sulfur group compounds. »Espec1ally apparent is HZS
bwh1ch has been detected at up to 1000 ppm in Rlchmond landflll
'gas. Both thiol" compounds and st are strong reducers
h}thatngo et al (1982) suggests could deplete the concentratlon’“b

_of the strong ox1d1zer hypochlorlte, wh1ch is requ1red for the‘ -

:formatlon of 1ndophenol blue. Koroleff (1970) concludes from hls‘ :

: study on sludge analysis that total sufldes can be present in up -

B - to 2 mg/L in a sample w1thout cau51ng 1nterference.

If total sulfldes are in ppm concentratlons in landflllﬂgas;?
gwhat fractlon of thlS is 901ng to be converted to sulfates by
,hox1dat10n from-sample handllng and more likely, from oxygen foundf,
.w1th1n the landflll gas? Unfortunately, this study d1d not
y’attempt to- determlne sulfate concentratlons in: samples before andt'-
after sampllng to see if there is any substant1al dlfference.’ |
In an attempt to rid the sample from tthl reducers and HZS
two.tests were" attempted on R1chmond Landflll samples. Flrst,

pre-d1stlllat1on wasyperformed on sampleS‘that were trapped'by_
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' borlc acid. The results of thlS test showed no 1ncrease 1n
,51gnal response over the undlstllled samples. The‘seoond.test
1nvolved addlng H202 dﬁrectly to samples-before autoanalysls to
"oxldlze any reduc1ng compounds._ This test'waslunsucesstI'
: because it caused increased color 1nterference 1n the sample
,after reagents were added. |
| A last—ditch effort to determine if negatiVe interferences.
were apparent in- samples was the runnlng of standard addltlon‘
mtests The samples run were from F1 and: F3 Matsqu1, and. D9 and
lD 55 R1chmond |

» The resultant concentratlons and the1r dlfferences are‘shown
'nlbelow in Table 5.2. o .

'TABLE 5.2 - Results of Standard Addltlon Tests;‘:

Well Measured (mg/L) . Std. Addition % Diff.
D9 Richmond . 0.500 - 0.500 . 0.0
" D.55 Richmondr‘,u;f,o.éoo . 0.250 - +725.0
1 Matsqu1 o 0.095° 04125 . +31.0
F3 Matsqu1 o oa113 3;_ 0.125 - 41,0

: .Inspectlon of the results do 1nd1cate a depressed
'concentratlon 1n some of the samples, whlch would be common 1f
-there were negat1ve 1nterferences. However’ these results should
' be treated w1th caution since- more standard add1t1on work needs
‘to_be done. This d1fference in concentratlon could also be due

to sample_var1ance.
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5.1.3. DETECTION LIMIT

The detectlon 11m1t of this technlque was found to be 0. 03
_mg/L. ThlS compares favorably to Dawson (1978) and NRC (1979)
h.who mentlon detectlon_llm;ts of 0.02 and 0.01 mg/L. ‘A sample
concentration'of»0;03 mg/L is about»12 ug’/_m3 (9 ppbf'of NH3-N -
* when the total gasdvolume-is around 175 liters. So in summary,
_this-method detects NH3?N concentrations Qenerally greater_than
| 10 ug/m’. | | D | | |
| 5.1.4. - PRECISION
Tests on 0.2eand'0.5 mg/L'standards indicate'avrelatived
,standard deviation of 2 0 and 1;5'% respectlvely for_1t samples

each. ThlS compares favorably with values of 0.5, .0 and 2.0

vmentloned 1n Standard Methods, 16th Edltlon, Schelner (1976) and
. 0'Brien and Fiore (1962) respectlvely | |

| Reproduc1b111ty was not as great 1n the 11m1ted number of
samples tested Relatlve "errors ranged from 4.5 to 8. 5 % in.
Lthese samples. | | |

Accuracy of the technlque was not attempted sincé.aili

' ;samples were at too low a‘concentratlon for compariSon with,the.,

_dlstlllatlon t1tratlon technlque. Comparlson w1th an 1on—tn' |
"spec1f1c electrode was also ruled out. because of questlons of
'hiaccuracy concern1ng=the electrode; One comparlson has been made
hyAScheiner-(1976) of the 1ndophenol method and dlstlllatlon._-
Results from this paper indicate a relatlve error. of 5.2 % at 2

mg/L, wh1ch was the lowest concentratlon tested
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5.1.5. RECOVERV EFFICIENCY

Orlglnally when this study began I assumed that the bubbler

oo

technlque would co’lect NH,-N in quantltatlve form (100

3 _
collectlon eff1c1ency) -However,'after analyz1ng the data;'teSts
were run to calculate a‘recovery ratlo that could be applled to
the measured NH3 N to get a more ‘accurate corrected
.concentratlon. e |

| Determ1n1ng avrecovery ratio - became a. more ‘diffieult task
than prev1ously expected The f1rst attempt 1nvolved 1nject1on'b
of small volumes of ' pure""ammonla gas into a large garbage bag
‘that- was filled w1th a1r up to 180 llters. The ammon1a
."standard" was then pumped through the bubbler 51mulat1ng f1eld
.cond1t1ons._~These 1njectlons var1ed from about 25 to-100 uL of -

ammonla, wh1ch is equlvalent to 43 to 172 ppm of ammonla. High

ammonia amounts were used to- see 1f thlS technlque could be -

'ypappl1ed in determ1n1ng recovery eff1c1ency.. However,vthe results -

~were dlsappo1nt1ng, w1th very llttle if any- ammonla detected byv
:_'the_autoanalyzer; The problem w1th thls technlque seemed torc
~result'from'how the ammon;aygas is sampled,from*the lecture‘v“
yllhder'that:cohtained pure ammohia.;-Because‘ofvuo direct‘”;;i
sample path into the lecture cyllnder, the gas had to flrst be
:stored into a sample v1al equ1pped w1th a rubber sample port
bthen w1thdrawn from the sample v1al by the syrlnge. Th1s was
'then dlrectly»lnjected 1nto the’fllllng garbage bag.:'The'errors
B seem to result'ih uotyenoughrflushing:of the sample'yial.to‘get

pure ammonia gas, or could be due to diffusion of ammonia from
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the garbage bag'into the lab'airgbefore going throughpthefbubhler
to be absorbed. | ” -

The next attempt w1th prolonged flushlng of gas through the
sample vial d1d not 1mprove the results. Two samples of 100 uL _
“injection d1d indicate an uncertaln recovery eff1c1ency of around
10 & at flows of 11.5 L/m1n. | | |

| The last,attempt_to determlne,a_recovery'efficiency was to
' go in a different direction than before. The techn1que used at
this t1me was to sample the f1ltered a1r from the laboratory a1r
11nes,_slnce_blanks.were found to conta1n enough_ammonla'(loo
ug/m3) for analytical»detectiOnf The'apparatusfusedtin thiS'test
vhad three bubblers in series w1th the gas pa551ng through each
one. ‘Each bubbler had the usual volume of 70 mLs of bor1c ac1d
..and air flow was varled from 2. to 11 5'L/m1n. Th1s type of
‘apparatus was f1rst used by Oklta and Kanamor1 (1971) testlng the
'Jcollect1on eff1c1ency of glass 1mp1ngers 1n a 0 N,HZSO4 o |
‘solutlon at a flow rate of J 5'L/m1n. »The1r-ammonia standard‘
lwas reported to be - 30 ppb The1r recovery eff1c1ency for the'
_'flrst 1mp1nger averaged about 50 6.}i‘ | |
My results are- summar1zed below 1n Table 5 3 for the three3al
B flow rates.: The raw data is llsted 1n Appendlx A. 3 | Recovery
eff1c1ency for the normal 6 0 L/mln flow 1s estlmated at around
'50 %. This "safe" eff1c1ency was estlmated by assum1ng a very
" modest 30 %Qrecovery eff1c1ency,1n the'thlrd bubbler,and.taklng
“into account; one, the standard devfation of theseTresults,ftwo;a

the decreased”recoveries'in fieldmconditions and three),many'of
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the NHé—ﬁ gas values are much less thanvthe ambient air NH3—N
'concentratlonsbusedbin this experiment.
TABLE'5.3'-‘Results oflRecovery Efficiency Tests -

Flow . Mean’ Concentratlon31n Escape Frgm "hReCOVgI "Safe"
(L/min) . each bubbler (ug/M”) 3rd (ug/M )  Eff. .  Eff.

6.0 107.0 28.4 22;9 16.0 61.4 % 50 %
10.5 89.8 38.5 24.2 16.9 53.0 % 45 %
2.1 140.3 36.0 58.11 40.7 51.0 % 45 %

Interestingly enoogh the other two flow rates show a*leSser
recovery eff1c1ency than the 6 0 L/mln.; My assumpt1ons vere
that recovery eff1c1ency should be greater 1n lower flows, but |
this is not the case. ThlS was also shown,to be the_case by |
. Ohita and Kanamori (1971) using O.Qé N sulfuric acld‘and 1.5
L/min:flow;”jln,contrast Morgan, Golden ana.Tabor (1967)
indicate almost 100 recovery eff1c1ency from a bubbler solut1on
conta1n1ng O 05 N sulfurlc ac1d and 0.5 L/mln flow. The h1gh »'>
- flow rate of 10. 5 L/min glves approx1mately the same recovery
eff1c1ency ‘as the low flow rate.' The results 1nd1cate anA
eff1c1ency of no- greater than 50 %vand more l;ke 45 %.v These
results.concur w;th the hlgh flow'efficiencles'measured by
_Kawamura'and_Saknrai.(iQGGl, vho‘Calcu1ated efficiency values of .
0, 20 and:51 %’for;0.02;sulfurlc acld solution and;15hL/min flow
(in Okita andyKanamori,.197i); | | - o |

In spite of the analytical‘nncertainty,.this 50. % recovery
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efficiency seems to be representative of the kind of'recovery
this sample techniqUe gets in actual field conditionSQr

5.2, TEMPORAL AND SPATIAL VARIATION OF DATA

._5.2.1.' VARIATION IN COLLECTED DATA

As mentloned in Chapter 4, the results for all the ba51c.
data parameters are llsted in Appendlx D. Inspectlon of theO'
stat15t1cal results on each parameter (ie, m1n.,ymax.,h% C.V;)‘;
indicate some 1nterest1ng trends.' For 1nstance,i1nspection of
the C.VI 1nd1cates 1n»most 1nstances,.the variability’was:

| greatest in NH3 N gas and statlc gas flOW,'Whlle pH barometr1c
"preSSUre and leachate temp .exh1b1t the lowest sample'var1ance.p

5,2, 2 . NON- METAL LEACHATE CONSTITUENTS

Analy51s of non- metal leachate constltuents from gas
.extractlon wells was done tw1ce durlng the study in’ an attempt to I
show temporal changes and relat1ve dlfferences in leachate
strength between each landflll The results comparlng the
'September and January samples are presented concurrently in
':Tables 5.4 to 5.7. | ”

-In general leachate strength was hlghest in the younger'f
.“landfllls and. lowest in the older fill, Str1de Ave.._ Chemlcalb
oxygen demand (COD) is one const1tuent that 1nd1cates thlS |
relatlonshlp - In Matsqu1 and R1chmond landfllls, varlous wells
'1nd1cate a fa1rly h1gh coD (average over 1000 mg/L) whereas |
.Strlde Ave. averages ‘less than 150 mg/L ‘This reflects Strlde 3
.Avenue s much older flll age where most of the soluble organlc

‘material is’ probably stable humlc and fulv1c ac1ds. In contrast
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. to”COD's, moSt'of‘the results indicate TVA'values in.stridevAVe.‘
to be comparable to the much younger leachate of Rlchmond |
landfill. TVA'is con51dered the most read1ly blodegradable
;substrate for methanogen utll1zat10n and is usually more ‘

' abundantyin'young landfllls. “This anomalous'similarlty'in:TVA-
values-may beda result of the much hlgher methane production'
rates exhibited‘by Richmond‘landfill where any'available TVA in.
- the leachate is consUmed' -Overall the hlghest TVA amounts were-
‘from Matsqu1, wh1ch was expected since the strongest leachate’
odors usually emanated from those samples. |

Matsqul 1andf111 also exh1b1ts very h1gh NH ~N leachate

'3
concentratlons in two of the wells (F1 andvF5) and could be }'h
11nd1cat1ve of the hlgh proteln 1n anlmal waste that was dumped at‘h'
ythls landflll ;All three younger landfllls exh1b1t hlgh s
_proport1onsvof TOC, whlch may . be a resultant of the: organ1c
-11qu1d waste and sludges reported to be dumped in these landf1llsi.d
over the1r l1fet1me.~m | "

An 1nterest1ng p01nt to all of thlS analy51s 1s that one
would assume after not1c1ng the relatlve low values of TOC and
COD from Strlde Ave that thlS landflll would exh1b1t low CH4
percentages. However, thlS is not always the ‘case if one notlces
}CH4 % values in Appendlx D for wells F2 F3 F7 -F8'where CH4 %”

' generally exceeds 40 6., ThlS mlght be a resultant of the ”
'relat1ve h1gh TVA values already dlscussed or . because dur1ng the

study per1od th1s extractlon well system was never operatlonal

In most_lnstances, temporal varlatlon betweenvsamples taken
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- Matsqui Landfill -

Well No.  DATE pH  Specific Alk.  NH3-N cop T 100 VA Total Volatile % Vol.
Conduct. (ag/L) (ag/L 02) Solids Solids Residue

Fl  Feb. 88 6.3¢ 21,200 7500  2669.3 35,100 16,200 16,225 21,736 30,350 19,290 0.3

F2  Sept. 87
F2  Feb, 88

3640 125¢ 252,90 1716 480 29 -- -- -~ -
1083 340 70.6 2344 1135 1035 208 3535 1463 41.2

-~
o
w o

F3  Feb. B8 6.60 1660 375 1428 12 803 660 201 3716 1060 28.6

FS Sept. 87 6.82 20,913 6650 1881.6 30,400 10,900 10,637 15,39 28,635 18,575  64.9
FS  Feb. BB 6.7 4405 1120 300.6 5634 . 2740 2085 2784 4530 2440  53.9

<«

F9  feb. 88 5.79 439 13 .4 - -- - 12 500 100 20.0

- Stride Ave. Landfill -

Well No.  DATE pH  Specific Alk.  NH3-N cop j£% 100 wa Total Volatile 1 Vol.
. Conduct. (ag/L} (mg/L 02) . Solids Solids Residue

F2  Sept. 87 b.46 1182 - 577 1.8 200 178 N.D. 40 781 165 211
F2 Feb. 88 6.26 1210 394 4.1 60 240 30 12 1410 685 486
F3  Sept. 87 6.38 999 4 2.9 &4 83 N.D. €0 785 228 8.7
F3  Feb. 88 6.14 977 489 7.1 112 27 7 86 985 380 38.6
F6  Feb. 88 5.88 839 323 15.4 124 147 2% 255 1070 690 £4.5

F7  Sept. 87 €29 1089 499 15.4 128 105 ki) 70 1236 - 308 24.9
F1 Feb. 88 §.31 108! 504 9.5 248 189 167 ! 1490 330 26,2
F8  Feb. 88 5.86 763 nl 2.8 2 120 2 227 860 230 29.1
108 Sept. 87 - 6.04 1377 €09 1.2 160 120 N.D. B9 1178 387 32.8

Specific Conductance in umho/ca

Alkalinity in ag/L as £aC03

1C = Total Carbon (ag/l as ()

TOC = Total Organic Carbon (ag/L as ()

TVA = Total Volatile Acids (mg/L as Acetic Acid)

TABLES 5.4 & 5.5 - NON-METAL LEACHATE CONSTITUENTS IN
MATSQUI AND STRIDE AVE. LANDFILLS
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- Richmond Landfill -

Well No. . DATE pH  Specific Alk,  NH3-N coo c 10C VA Total Velatile X Vol,
Conduct. (ag/L) (ag/L 02} Solids Solids Residue

88 Sept. 87 6.40 3301 15 1221 1137 333 146 452, 413 1190 49.0
B8 Feb, 88 b.16 1735 1719 8.2 7 350 20 128 1105 490 4.4

03 Sept. 87 6.80 8347 232 378.0 217 1230 495 348 4766 1410 2
D9 Feb, 88 6.81 7493 390 4256 1473 1340 470 360 4300 1363 3

=

6 Sept. 87 6.42 2732 320 2.5 1321 290 103 452 2142 1473 68.8
C6  Feb. B8 6.17 an 353 16.8 1175 670 320 592 1980 800 40.4

67  Sept. 87 .48 3426 1340 13.9 M2 308 03 . 191 23 843 3.8

67  Feb. 88 6.11 1835 52 % 157 - 360  N.D. 80 1280 270 3.1
0.5 Sept. 87 6.74 4242 1760 113.1 633 kil 70 03 3030 1015 3.5
D.55 Feb, 88 6.40 3465 1260 1019 410 730 45 108" ™ 2345 830 35.4

B.53  Sept. 87 6.8 3432 1420 121.0 433 315 108 133 2252 652 29.0
‘B33 Feb, 88 - 6,22 1394 360 22.4 76 205 10 3 770 395 3.3

Well No. = DATE ph  Specific Alk.  NH3-N coD 1C T0c TVA Total Volatile 1 Vol:
Conduct. (ag/L) (ng/L 02) ' Solids Solids Residue
Pl Sept. 87 6683 1840 213.9° 690 815 350 166 3963 885 22.3

6.72
Pt Feb. 88 6.67 5915 1320 2.2 487 " 720 130 100 3860 805 20.9

P2 Sept. 07 6.74 6411 1820  221.8 444 768 108 145 3432 909 26.5
P2 Feb. 88 6.73 3439 1200 231.8 447 670 95 12 3065 610 19,

Specific Conductance in umho/ca

Alkalinity in ag/L as £aC03

1€ = Total Carbon (mg/t as C)

T0C = Total Organic Carbon (ag/L as )

TVA = Total Volatile Acids (sg/L as Acetic Acid)

TABLES 5.6 & 5.7 - NON-METAL LEACHATE CONSTITUENTS IN
RICHMOND AND PREMIER ST. LANDFILLS
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in»Septemher'and then in January .is fairlyflow. FThehwells‘that
show iarge\decreases~in_concentrations»are nostlyudue'tojlarge
wolume'dilution-from excessiVe rainfall.infiltratfon.p-This’is”
‘espec1ally apparent in Rlchmond landflll wells and F5 Matsqu1
_where fresh water has entered the’ well above the leachate due to
" a crack in the ca51ng caused by landflll sub51dence 'In
Rlchmond hlgh volumes of ra1nfa11 have dlluted leachate
' because of - the landflll s porous sand cover coupled w1th an .
‘already‘hlgh water table._ Some‘wells such as:F2 Matsqul, F2.and'
F7'Strfde.indicate increaSed leachate‘strength' whichlis most
'llkely due to prec1p1tatlon 1nf11trat10n flushlng out organlcs
from the unsaturated zone wh1ch are then dep051ted 1nto the f
leachate.- | |

5. 2 3. PRECIPITATION

Comparlson of weekly prec1p1tatlon from the three weather
' statlons is shown below in Flgure 5 2  The weekly preclpltatlon'1
. data 1s presented in Appendlx Cc. 1In general,fthebwettestfweatherf
“stat1on of the three is Vancouver-Harbour thch‘recéives overh’
1600 mm prec1p1tatlon per year.v The dryest statlon is. Vancouver’-‘
.Internatlonal that averages just over 1100 mm/year. N o
| Inspectlon of Flgure 5 2 1nd1cates an unseasonably dry and
‘fmlld autumn and m1d w1nter perlod where m1n1mal amounts of
"preclpltatlon occurred, These perlodlc dry.perlods helped,;n
_keeping'cumuiativehprecipitation over.20>% helow1normalh

fthrouéhout the study period.
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FIGURE 5.2 - Comparison of Weekly Precipitation From Three
Weather Stations

Note : Vancouver Harbor Station was discontinued at end of March
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The reﬁults discussed previoﬁsly and ones presented later
indicate that excessivé infiltration of this precipitation may
cause the grea&est changes in leachate strength and gas
production. Although an increase in moisture.content has been
found by mény authors (see Chapter 2 - Lit. Review) to help gas
production, this study found the opposite when excessive
precipitation fell on the study areas. This was especially
evident after large precipitation episodes. To strengthen this
observation, coffelation ahalysis'usually indicate a.strong
negative relationship between precipitation and various other

parameters (See Appendix F.3). The main reason for this negative
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'correlation is probably either from volume'dilution of leachate
or the precipitation shock loadingdthe unSaturated zohe microbial
population. This has the-effect of decreasing gas'production.
 One sample well, P2_Premier'St. responded qu1te abruptly with
increased precipltationv1nf11trat10n. ‘Results presented ln |
Figure 5r3vindicate CH4 % dropped’very rapldly fromboyer 50 % to_
5 %l(See Figure 5.4) in'less than a month after a major |
precipitation'influx in'mid—Noyemher;-»The percent methane-never
,’recovered throughout the'rest'of thevStudy.period.‘ Thév’”
‘contrlbut1on of prec1p1tatlon in decrea51ng the gas percentage at
P2 Prem1er is not clear, 51nce the well 1s on vacuum durlng the
“winter mohths. This vacuum may cause the-gas.sample to ‘be
dlluted with’ atmospherlc air from air 1ntrus1on.,{So these
“samples may be unrepresentatlve of the unsampled CH4d
concentrat1on deeper 1n-the well. Other wells plotted in Flg S

4
xdo'exhlblt a general decrease throughout the study per1od;

5.3, 5.5 and 5. 6 do not indicate accelerated drops in CH $ but

In addition tofa methane production drop,’CO2 % changes were

analyzed to see if - 1ncreased prec1p1tatlon would result 1n'

L decreas1ng CO2 -relat1ve.to methane-percent The added prec1p

- was generally bel1eved to resolub1llze a fractlon of the COz,u

taking it out of the gas phase. Results however 1nd1cate no
-profound.relationshipbbetWeen C02r% aud preclp.,;except ith7f
‘Stride (SeelFig. 5.6) where'sohe drop'inuCOé'%hlniFeburarijarchub
~may be due‘to this’or_to armicrobially mediated_phenomehoh. |
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FIG. 5.3 -

TEMPORAL VARIATION OF WEEKLY PRECIP. vs. GAS %
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FIG. 5.5 -

TEMPORAL VARIATION OF WEEKLY PRECIP. vs. GAS %
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5.2.4. TEMPERATURE”

In all. wells,_there was a general decrease in gas and water
temperature ‘with the colder w1nter months. Temperature prof11es
for four wells are presented in Flgs 5.7 through 5. 10.. ‘ln'b
general, most gas temperature fluctuatlons reflect a fluctuatlon
‘in'ambient air temperature in the more mlld_fall-months preceeded
"by more dlvergence in the winter months.‘ This difference'in‘

. winter months between gas and air temperature may be regulated by g‘
. the 1nsulat1ng ab111ty of the landf1ll ' Also, prec1p1tat1on

f1nf1ltrat1on may help in depre551ng gas temperatures even more.

:7._Thls may be the case 1n G7 Rlchmond (See Fig. 5. 9) where the

temperature range goes from 29 to 8 C.. The other three deeper
Vwells located in dlfferent landfllls decrease to no lower than a
"threshold temperature" of about. 2?C.‘ ThlS temperature could |
again be due to the better 1nsulat1ng capac1ty and lesser prec1plft
1nflux at these landfllls than in R1chmond In contrast to. well
‘G7; some wells like D9 Rlchmond exhlblt very llttle decrease 1n_
lrleachate (Tw) and gas’ temperature (Tg) over the study per1od . D9
llechmond temperatures were con51stently the hlghest measured and_
ranged from a Tg of 32 - 16 C toa Tw of'28 - 23 C > The reason-
DY Richmond. may be relatlvely unaffected by prec1p1tatlont ;
allnflltratlon and colder a1r temperatures l1ke other R1chmond
‘wells, could be due to a very efficient’ b1ologlca1 system that
creates large volumes of 1nsulat1ng heat. The d1fferences
"between temperature ranges in all the Rlchmond study wells g1ve-

~an 1nd1catlon of how much spatlal heterogen1ty can occur w1th1n
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the same landf1ll
- Within all the wells studled thevtemperaturekrangeslforI
.gas, leachate and amblent air were 32 - 7°Cy 28 - 7°C and 26
minus 3 C'respectlvely. ’ |
The decrease:in air and gas temperature indicate.an overall‘
’miked pattern'of methane percentage'for most of’the wells. Inl
Richmond . Landflll - the temperature drops did not seem to effect
CH4 %, whlle 1n Str1de Ave (F2' and F3) there are ‘sometimes: large:
.decreases due to temperature drops.‘ However the effect that
, temperature drop 1s not certa1n because of the coupllng effect
o prec1p1tat10n 1nf1ltrat1on may have in controll1ng both
’temperature and’ CH %., |
One observatlon dlrectly related to temperature was ‘f
freez1ng of the landflll surface durlng the cold w1nter perlods.
This was.espec1ally apparent at Matsqu; landflll where
’preCipitation'infiltrationucould»be inhibited by the frozen='
‘surface, whlch in effect may have helped gas productlon whlle
"offsett1ng some detr1mental effects caused by cold temperatures.

5 2 5 : OXIDATION REDUCTION POTENTIAL

Another parameter related to prec1p1tat10n 1nf11trat1on and
bcould be very 1mportant in controlllng gas product1on 1s ORP " AS
_already mentloned methanogens requ1re an-Eh of -200 to —300vmV
.forvproper growth and are very sens1t1ve tolchanges 1n ORP;
.infiltrating‘rainwater in most cases has a'positive Eh thatfmay
'cause a shock to methanogenlc bacterla hence, lowerlng gas

product1on rates. Unfortunately, thlS is one parameter ‘that was
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FIG. 5. 7 -

TEMPORAL CHANGES IN GAS AND AMBIENT TEMP
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FIG. 5.9 -

TEMPORAL VARIATIONS IN GAS vs. AMBIENT TEMP.
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not mon1tored because a downhole insitu redox orobe was not
avallable at the t1me.»

5.2.6 STATIC GAS FLOW

- A few authorS»(Thibodeaux et al., 1982 and Shen, 1981) have

'observed durlng low barometr1c pressure perlods, an increase 1n

emlss1on flux from covered landf1lls due to pressure pump1ng from' “

‘high pressure bu1lt up inside the landflll "Thls phenomenon was
monltored throughout my study perlod by comparlng barometrlc |
pressure with static gas flow. My results 1nd1cate no
‘relat1onsh1p between the two parameters 1n not only the plots'
(See Figs 5.11 to 5. 16) but also 1n the Pearson Correlatlon
»Ianalys1s. If there 1s a relat10nsh1p, one would observe a
51gn1f1cant negat1ve correlatlon between gas flow and pressure.
Inspectlon of F1gs 5 5 15 and 5.16 indicate an unusual
;pattern in Matsqu1 wells where falllng pressure may be caus1ng .
‘lower flow, wh1ch is the direct opp051te of what should be. found
-v'The reason for this- anomaly may be due to landflll mlcrobe‘
'_metabollsm belng sen51t1ve to changes 1n barometr1c pressure, or‘
i-rmost 11kely, a decompress1on of the landflll dur1ng lower'
- pressure reglmes.' The latter effect would cause lower 1nterna1
.1andf111 pressures wh1ch translates 1nto lower statlc gas flows.h
‘The main- reason why no low pressure pumplng responses were
observed in these four landf1lls could result from each
landflll_s cover" character1st;csl ‘Landfills that have been
observed td-respond'to barometrlc pressure fluctuatlons have:a

well conStructed'"tightV clay cap that_helps to build-up.internal
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F16. 5.13 - GAS FLOW vs BAROMETRIC PRESSURE
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F16. 5.15 - GAS FLOW vs BAROMETRIC PRESSURE
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landfill pressures,»whereas,in these four landfills, the caps
were constructed of heterogeneous material where internal-
landfill pressure maylbe relieved continuously through the cover.

Since barometric pressure fluctuat1on cannot expla1n the ;

changes 'in statlc landflll gas flow, there must be other
‘mechanisms behind thls_natural flow. - I belleve these mechanisms
are:

1. Microbial: act1v1ty - probably the most 1mportant
mechanism for static gas flow. . Internal landfill
pressure built up through microbial gas production
causes convection flow towards the lower pressure

» landflll surface. ‘

2. Thermal flow - Th1s could become 1mportant dur1ng the

- ‘winter months when a warmer landfill interior and
~cooler landfill surface cause thermal convection

currents to flow upward through the landflll

3. -flefu51on flow‘— May become 1mportant where convectlon '
: flow is minimal.

4.vv Cell constructlon:; The morphology of the cellvand how
it is constructed can influence gas pressure bu1ld up -
and how this pressure is released. :

The fraction of the statlc flow cau5ed by thermal convectlonﬂb
is probably small, but may have contrlbuted substant1ally to the‘v
increase of well flows of D9 and C6 1n R1chmond (see Appendlx 4)
-{durlng the last months of the study | The effects of. cell
construct1on are probably contrlbutlng greatly to the spatial‘
variability of gas flows in each’ landf1ll |

Measurements of statlc gas flows in th1s study ranged”from
no detect;on to over 290 L/mln;‘_In most 1nstances, certa1n,wells
- in Matsqui (F1,_F2;'F3; F4) and Richmond (ﬁ9'and-C6):alwajs

registered the highest static flows, while Stride Ave and
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' Premler St wells usually registered lower flowsr An
1nterest1ng observatlon to note was in two sample perlods (Dec.-

y31st. and_Mar. 3rd), flows were undetected in all sample_wells

at StridedAve.-_Why this happened is not known, since_both

'vperiods were,not*preceeded'by heavy_rains or’subjected to

unsually h1gh barometric pressure.- |

| In most 1nstances, correlatlon analys1s found no

relat1onsh1p between 1ncreased m1crob1al act1v1ty (1n thlS case,

:1ncreased CH4 %) and statlc gas flow. R s of the s1gn1f1cant

'correlatlons were all ‘less than 0. 5000 The well w1th contlnual

[
B

~high flows, c6 Rlchmond d1d show a response of greater CH4
iw1th 1ncreased gas flow. " ‘_'

x To study how stat1c gas flow may change durlng the day, flow.
measurements vere done at Fi Matsqu1 on an hourly ba51s dur1ng
.four sample perlods. The results of. these measurements are
presented in- Flgure 5 17 | Inspectlon of Flgure 5. 17 1nd1cates a
increase of gas flow from 10 A. M. to 3-P M w1th two of.the~
.results 1nd1cat1ng a steadylng decrease in flow after thlS t1me.
' Sampllng per1ods were done on days of sllghtly 1ncrea51ng or‘.o
‘steadylng barometr1c pressure,'so pressure pump1ngﬁcannot*be.afv
factor in these results.. | | | | - |

These results may 1nd1cate the potentlal for dlurnal

- fluctuat1ons in- stat1c gas flow.- Because>Th1bodeaux et al'

(1981) dld detect a dlurnal fluctuatlon in 1nternal landf1ll
-'avpressures, the above hypothe51s may be true, but needs more

field work_to substant1ate thlS clalm.
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5.2.7. N,/O, GAS RATIO |
The'analy51s of gas percentage results uncovered someth1ng
unusual concernlng N2/O2 gas ratios from some sample wells. In
most 1nstances, the N2/02.rat1o is around 4.0,_wh1ch_ls common
for normallair'intrusion; hoWeverr Some wells-in Matsqui andy :
Stride Ave exhibit.ratios that‘sometimes'exceedbé0.0. For four
of these.Wells (F1, F3 Mats and F2, F7 Str)vthe»tehpOral_v
’variatlon.of this ratio.isipresented‘ianlgs 5.18v&'5;19.
Inspectionlof~these figures:indicate;a'large variability of the
' ,ratio throughout time. ;Qnehthlng»to_noteﬁis the'QrO-ratio;of F7
"Str in late October.f:This is’beCause air was not detected,ind
the sample by the gas partltloner ' Né/oéfratios_for all”the"‘
sample wells are listed 1n Append;x’Eg" | |
: The hlgher proportlon of N2 from'the gas ln these‘wells B
_could be caused by three processes l1sted below- o
15-' There could be an 1ncrease of N2 due to '
vdden1tr1f1cat1on.
j'2; HlConsumptlon of oxygen by 1norgan1c‘redox processes:
'-operatlng w1th1n the landf111 could occur.'l
'35;‘ Oxygen could also be consumed by aeroblc mlcroorganlsmsl
in the landfill. | | -
For #1 to be SUbstantialy there would’have:to befsufflcient
source_of'nitrate,‘which denitriflers use as the.terminalh,d
electron acceptorffor Né production.' The oxidation oframmonia"to:
vnltrate is unl1kely ‘to occur in an anaeroblc landflll env1ronment:

51nce the n1tr1f1ers are str1ct aerobes.
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rre. 517 - WELL FLOW vs. HOURLY TIME
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rMechanism $#2 may‘occur'in.substantial amounts where reducing
'agents such as metals and sulfide compounds'could consume‘oxygen
through redox processes, hence cau51ng a. greater bu1ld up- of N,
~relative to O2 |

Mechanlsm #3 1s probably the most dom1nant 51nk of gaseous‘
O2 from 1andf111 gas.  The consumptlon of 02 by aerob1c bacterla
in landfills is generally con51dered to be a short term process

dur1ng the early stages of a completed landflll However, there

is a certain group of aerobic bacteria called Methanotrophs that

- . can utilize the O2 as a termlnal electron acceptor whlle

wutilizingnmethane.gas as_a growth substrate. CO2 1s then
produced'aS‘a gaseous byproduct, The follow1ng equatlon from-'f
'rLargeh(1982)hsummari2es this.oxidatlon of_methane,to Coz.b3.i‘
pbmethanotrophs.,' | - o o

CH4----> CHBOH —==-> H'CHO ---> H COOH —_——— CO2

In theory, these bacterla could surv1ve n1cely 1n the upper

”landflll env1ronment where ample amounts of air 1ntru51on can

-v‘occur due to oxygen d1ffu51on through the cover or v1a landflll

_gas pumplng _ For a more deta1led dlscu551on on methanotroph
7:ecology and the1r related growth act1v1ty refer to Wolfe and
ngglns (1979) and Leak and Dalton (1986)

In addltlon to consumlng O2 and CH4 for growth
methanotrophs can also act as n1tr1f1ers, ox1d1z1ng ammonia-
n1trogen to n1trate much 11ke n1trosomonas and n1trobacter do

under normal ox1d121ng cond1tlons. So mechanlsm #3 can produce ‘

the sOurce_of n1trates requ1red’f0r #1 to functlon, Th;s
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symbiotic relationship produces even more N 'to_increase the

2
-N2/02‘ratio even further. . Unfortunately; thevleachate wasknot
analyzed for nitrate. . | | |

| . Therefore, given the_right environmental conditions, this

- methane degrading group of bacteria may be causing the anomalons'
N,/0, gas ratio observediin two of four landfills studied.

- 5.3. VARIABLES THAT AFFECT METHANE GAS PCT'

In addltlon to prec1p1tatlon ‘temperature and ORP affectlng
CH- 6, other parameters such as CO flux,llonlc strength and gas

flow can also be con51dered a factor in CI-I4 % fluctuatlon.5

Interestlngly enough pH ‘was not found to- be a factor 'in 'CH %.

4
Pearson correlatlons done on - the parameters llsted above
l1nd1cate the strongest relatlonshlp occurrlng between 1on1c,'
! 5. R s for- ionic strength vs. CH4V%-1n gas
.ranged from O 35 to 0.70 for separate and comblned well analy51s._

.strength and CH

-The resultlng stepw1se multlple regre551on analy51s

4

equatlons attemptlng to predlct CH % are-llsted below for each. .
‘landflll except.Strlde Ave., where no correlation betWeenganyvof

4
R MATSQUI LANDFLLL

the-variables“and'CH % was found. )

CH, % = 29, 31 + 28. 57 (Ionlc Strength) —.1,22 (Gas ‘Flow) + ...
2

‘.'R - 0.5725 Sig F < 0.000 N = 49
| d . RICHMOND LANDFILL 5 |
CH, % = 31.66 + 0. 725 (Tg) + 0. 189 (co Flux)
| - 0.2319° Sig F < 0.000 N = 86

PREMIER ST. LANDFILL |
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CH, % = -27.93 + 1.334 (Tg) - 9,13 (Gas Flow) + 67.19 (CO, Flux)
- YJ.. + 358.47 (Ion1c Strength) ‘ N ’

R? = 0.8288 Sig F < 0.000 N = 30
The_results‘of.these equations indicateythe best'correlation

of variahles to CH :% are from Prem1er St. data; whlch was |
",expected since the var1ab111ty in varlables is not as extreme as -’
Rlchmond or Matsqu1 Landflll : Because of the low R2 s and non-'
'normal dlstrlbutlon of ionic strength in Matsqu1, all three
equations[are considered'suspect for:predicting’¢H4_%-ln a:giwen
'“sample'well This‘was’also the caSe:when‘McBean'and Farquhar
‘(1980) tr1ed regress1ng 5 day cumulatlve prec1p andvambient’air;
'temp on thelr methane percent data The1r results 1nd1cate R2
“of less than 0.5. | | | -
\-Regre551ons on separate sample wells were not attempted
'.because of t1me constralnts and the sample populatlon (N = 15)': -
| lwas con51dered too small for multlple regre551on.' | k
Each parameter that appeared in ‘the three equatlons is

[+)
%:

br1efly ment1oned below explalnlng why they may 1nfluence CH4

1; Gas Temperature (Tg) ' The 1ncrease in Tg. was shown to a, haves~"

° a.concomltant response'w1th.an increase in CH4 %.

both‘parameters is probably the_reSult of a'combination-offﬁ-5

Increase 1n;<”

increased microbial ‘activity caused'by an increase°in ‘ambient air N
btemperature (Ta). Decrease of Tg is ma1n1y due to a comblnatlon
1of ‘Ta and. cooler prec1p1tat1on that has 1nf1ltrated

9... b.
4l_o.ls

2.»Stat1c Gas Flow - An 1ncrease 1n,both gas.flow and CH
. again probably a function of increased microbial'actiyity._'_
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" However, ‘there mlght also be a 51tuatlon where 1ncreased gas flow
'decreases_CH4 % because of mass d11ut1on.
3. CO2 Flux - Thls'parameter is a functlon;of static‘gas flow
and CO2 %, which can either cause an-increase or decrease in |
CH, %. | | R
ll4. Ionic Strength'(I) - This parameter is calculated-from »
leachate specific-condUCtivity as shown,in'AppendixyB.S.‘ This
-was the only leachate—Specific variable that stayed in the |
regresslon‘equation. Slnce thlS varlable reflects the
concentratlon of dlssolved 1ons in solutlon; an increase in’
dlssolved 1ons had the effect of 1ncrea51ng CH %;l This increase -
is most llkely a result of hlgher strength leachate ‘being flushed -
into the methane produc1ng reglon or less dllutlon of leachate
'from decreased rarnfall"lnflltratlon.-: | - |
In‘additionlto the‘parameters mentioned abovey-landfillxaée
_was considered to be a factor'in CH, %. Because of it s advanced
'age, Strlde Ave. was orlglnally con51dered to have a very low
.;methane pct. wh1ch was not the case when an assessment of the
results of four of the Str1de Ave.vwells was made (Appendlx D)
‘,Probably the ma1n reason why ‘Stride Ave con51stently exh1b1ted
some of the hlghest CH4 percentages in the study may stem from |
the fact that dur1ng the study period, the well extract1on system.”
“was never operatlonal so. steady state CH4 productlon occurred
>w1th no external perturbances.n However, thlS is not always the
case when the extractlon system is operatlng CH percentage has

4
been observed to drop rapldly in some wells (Len Hanson pers.



.:v.volUme:dilUt1on of methane. The,1nterm1ttent drops,of;CH

132 |
4 % is probably a
result of»notvonlyIair_intrUSion,'but also gas production rates

~comm., 1987) after pumping; This decrease in CH

" that lag far. behind the.extraction flow rate. So even though
. Stride Ave may have relatively high methane percentagés, its mass
production rates of methane are much lower than the younger

[
©

Matsqui and Richmond,landfills which still produce high CH4

“even during continous pumping

In the landfllls where gas extractlon was’operatlonal
attempts to correlate CH4 %-var1at1on-w1th operat1onal
.fluctuatlons were successful in only two sample wells,
P2 Premier and F5. Matsqu1.} Well 92 Premier was on constant _-.
d'vacuum throughout the ‘study perlod whlle F5 Matsqu1 had |
'“1nterm1ttent vacuum applled to 1t dur1ng w1nter demand perlods.r

: Results show the large drop in CH % 1n P2 may be caused by a -

4
'comblnatlon of precipitation 1nf11trat10n and decrease in. gasbf
-temperature. Recovery of the methane-pct may be hampered by the”
,constant vacuum applled to the system, 51nce the rate of air
'1ntrus1on probably exceeds a decreased rate of methane |

;o productlon.b Th1s h1gh rate ‘of a1r 1ntrus1on probably causes a p_f

4(6:?ndi7

F5 Matsqui may be a functionvofvintermittentvwell7pUmpage

' accompanying the_effects of precipitation,infiltration’and'gash

‘temperature decrease. : o o

5.4. VARIABLES THAT AFFECT AMMONIA GAS CONCENTRATION

5.4.1. INTRODUCTION

-NH3—N gas concentrationlranged from non;deteCtable (<'10ppb)
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to_over 600 pph during the'8:month study. Results_in NH3—Nigasn
distribution from.thevfour landfillsiwere:surprising‘since lower
than.ekpected‘concentrations'occurred in Richmond whiletmuch |
higher than expected levels:were'detected in Stride Aye. ,Thisl
gwas unusual’since_kichmondlhad.quite ayerage'tohhigh NHé%N
_concentrations in thetleachate, while:Stride,Ave; exhibited‘very'
low NHB-N concentrations. ”The_reasons for this are not qUite»

B apparent ~but will beftheorized in a later. section.‘

Throughout the study, most landf111 gas NH,-N levels moved

3
in a general decrea51ng trend dropping to the1r lowest levels in
»the w1nter months.v ‘ | |
'When thiS'study'began' this'aUthorhfelt therelweretmaybe
four parameters that affected the temporal varlatlon of NH3 N. gas
‘concentrat1ons. These were pHAand NH3—NV1n leachate,'methane
'fluxyand_prec1p1tation infiltration. The pH of:thevsolution was'

believed to contro1~the fraction of NH' available for transfer

, 3
into the gas phase. ngher NH3 N in. the leachate was belleved to,
reflect a higher NH3 N in the gas as- regulated by - Henry S Law.

“Methane flux was con51dered 1mportant because of the- p0551b111ty

' that methane flow could be actlng as a strlpplng mechanism w1th1n‘f

the: 1andf111 cau51ng accelerated NH3 -N transfer 1nto the gas
‘phase. ‘Hence, higher methane fluxes ‘were- con51dered to result in
higher NH3—N.gas_concentrations.f Lastly, prec1p1tatlon'
infiltration was'generally considered to.speed up m1crobial
metabolic rates relea51ng more NH3 N into the gas phase.

Post analy51s on these control parameters 1nd1cate that none
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of the orlglnal assumotlons were true on-any con51stent ba51s
Temporal var1ab111ty of these parameters vs. NH3-N for 9 of the-
.study wells are presented in Figs 5.20 through 5.63 and dlscussed*
“in more detail later. In addition to these four parameters,loas
_temp. was plotted, since'lt was7found to be the parameter after
post sampllng analys1s to explaln the var1ab111ty of NH3—N gas.
The wells plotted were B8, D9, C6, D755 Richmond, F2, F5_Matsqu1,v
'Fé,‘F? Stride Ave. and P2 Premier St.. These wells were chosen f'
for plottlng because all 9 wells possesed complete sets (15) of
leachate . and gas data. | |

5.4.2. PRECIPITATION

| Directkinspeotion~of-Fig's 5.20 through.5.27”show thé"
temporalivariatlon.of‘NH34N.gas_anddweeklyupreolpitatioh~in_Bgofv
the wells., .Weekly preclpitatlon isrshown in’the_bafrchart witﬁ
the NH3;N~gasvshown'on the COnnected lineVplot;v'ln neéfiy“ail
'thehwglls; there is‘a large.fluctuationhof NH3—N'gas |
-.concentration var1at1on wh1ch in most 1nstances is around 100 %h
of the standard dev1at1on (see Append1x D) Generally, 1n moSt‘
'1nstances, the trend is NI-I3 N concentratlons to drop off rapldly
'dur1ng the f1rst high prec1p1tatlon perlod in November.‘ll

~ Pearson correlatlon analy51s 1nd1cate some sllght negatlwe '
correlatlon between prec1p1tatlon and NH3 N gas 1n comb1ned well\
_‘analy51s of'all four landfllls.v-The r values range from -0.3745"
“to -0. 5391 For this and any other statlstlcal analys1s, the -
‘prec1p1tatlon var1able was taken as the cumulatlve 2 week o

prec1p1tatlon preceedlng»the given sample per1od.v ThlS was
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FIG. 5.28 -

TEMPORAL VARIATION OF NH3~N LEACHATE vs. NH3-N GAS
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'FIG. 5.36 -
TEMPORAL VARIATION OF NH3—N LEACHATE vs. NH3—N GAS
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FIG. 5.40 -

TEMPORAL VARIATION OF NH3—N LEACHATE vs. NH3—N GAS
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FIG. 5.44 -

TEMPORAL VARIATION OF NH3~N {EACHATE vs, NH3—N GAS
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FIG. 5.49 -

RIATION OF pH vs. NH3—N IN GAS
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| FIG. 5.52 -
' TEMPORAL VARIATION OF: NH3=N LEACHATE vs. NH3-N GAS

F2 STRIDE

- 5 250 o
S &
E 4 L 200 4
w ]
Z . : 3
I Leachate 130 &
M z
S 2 -100 <
z z
z | L 50 =
r ! “q
M L8]
I I
Z 9 T T T T T Y T T o z

G QA A A O & Q& X
SESSETEFES
TIME in months
FIG. 5.54 -

TEMPORAL VARIATION OF: CH4 FLUX vs. NH3—N IN GAS

. F2 STRIDE .

: > 5 250 g
\ g

: .m 44 .A\n.
3 o
M . m
O
o 2
z 27 <
w z

-l z
= z .

4(,0 o

TIME in months

FIG. 5.53 -

TEMPORAL VARIATION OF pH vs. NH3~N IN GAS
F2 STRIDE
7 250 o
a
NH3-N o
6.5 - - 200 nA.Av
—d
- 150 mlr..
I )
6 6 g
- 100 <
-
4
5.5 1 5o N_
pH 0
w LI L 1 1 1 T T 1 o z
O RA AN O & &
SESSE5EFES
TIME in months
FIG. 5.55 -
TEMPORAL VARIATION OF GAS TEMP. vs. NH3—N IN GAS
F2 STRIDE
25 250 o
a &
o . L 200 4
g 2 NH3-N ©
z 10 2
a 15 W
W_ - 100 M
- z
n 10 1 \ . 50 W
S Temp ]
w T B T 1 1 1 ] i 0 z
O R A A O, &
(@)
&S S NN ¥

TIME in months

(12



NH3-N IN LEACHATE mg/L

NH3—N IN LANDFILL GAS ppb

FIG. 5.56 -
TEMPORAL VARIATION OF NH3—N LEACHATE vs. NH3—N GAS
F7 STRIDE
40 300
30 - 225
Gas
204 - 150
10 - 75
Leachate
O 1 1 1 RE L T 1 L O
O QAN OO S Q& &
@) X

SEHESLFTELIS

TIME in months

FIG. 5.58 -
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assumed to be a rellable estimate of the effectlve prec1p1tatlon
inflow 1nto the system between sample perlods. This scenarlo
- was dec1ded upon because_calculatlng an effectrve precipitation'
influx through a water balance was'cumbersome and also‘required
more site- spec1f1c varlables than had been collected for thls
study.b Probably the most accurate way to do a statlstlcal
analysis on this time—dependent precipitation'variable andﬁNHé—N
'would be through a Box- Jenklns t1me series analys1s, which was
not attempted because of t1me constraints. |

There a number of reasons why prec1p1tation influx may be.
-_decreasing‘NH3—N gasvconcentrationsrZ'Theyfare listed'ln‘pointt

'form below~h ' | | o |

1. The effectlve dllutlon of the leachate and unsaturated Zone
may decrease’ the amount of ammonla mass avallable for mass
'transfer ‘into the gas phase ‘ | _
2. ~The "wettlng front" of the lower pH 1nf11trat1ng ralnfall
'acts as an effectlve sink for NH3 N gas by resolub11121ng the

NH3-N and protonatlng thlS to NH4f hence,_remov1ng it from_the4

' gas phase.

v.3.' Prec1p1tatlon could be "choklng" or’ shock loadlng the
mlcroblal fauna that produce NH3—N as a waste product resultlng
in less NH3 N ava11able to transfer.v | |
Out of these three reasons, probably the coupllng of #1 and
#2 is the domlnant mechanlsm in. affect1ng NH3 N gas

concentratlons.
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5.4,3."NH3—N IN LEACHATE

In most cases, leachate NH;-N concentration is decreasing

' throughout the study period much like the. NH3—N gas does.v There
‘are exceptlons such as C6 R1chmond (Flg 5.36) which dlsplays a

"seml inverse relatlonshlp and F5 Matsqu1, whose leachate values‘
v3—N ;n.the gas'
does not reflect this change.. The reason for this variability.

may vary from.2000 mg/L down to 150 mg/L but the NH

'concentrat1ons in F5 Matsqui is again related .to a cracked cas1ng
where large volumes of ra1nwater dilute the leachate at certaln
© times followed. by recovery to full strength (Fig. 5. 48) Even -
though some of the plots 1nd1cate a p0551ble 1nterre1atlonsh1p
'tbetween NH3—N in leachate and gas, only Rlchmond Landf1ll
indicates any 51gn1f1cant correlation between varlables. The r
.owasnfound to be a fairly low 0.4258L One‘Stride.Avenwell, F2
(Fig. 5.52) shows a'profound'masking ofhthe two parameters but
only correlateS'to'anfr of'O 5605 andlis not regarded asl." ’
~s1gn1f1cant 51nce 1t exceeds the p of 0. 025. |
| One reason why NH3 N in leachate may not descr1be more of
the var1atlon in. NH - N gas, could stem from the fact that most of:
the mass transfer of NH3 N into the gas phase probably occurs 1nv
the unsaturated zone (esp ‘in the deeper wells) where entlrely
different var1at1ons and concentratlons of NH3 N and pH may
:;occur.' Therefore, sampllng the leachate may not entlrely
hdescribe‘the wholelammonla system espec1ally in wells (other
‘than Richmond) where unsaturated zones greater than 8_meters‘,l

exist.
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5.4.4. LEACHATE DH

In most 1nstances, the pH follows the same patterns as the
NH3 N:durlng the study period. This is probably due to:i
precipitationfinfiltration-decrea51ng gas product1on,'which'
causes an accumulatiOn‘innorganic acidsfto'suppress the pH,h This
'rainwater ﬁay also help to dilute‘the buffering alkalinitylto

cause the system to be more susceptlble to pH drop from these

- -, ‘organic ac1ds.

The results ‘of the PearSOn correlation.indicate'that'there
.,:afe no'signlficant statlstical relationships between oH and‘NH3—N"
gas concentrations3in any of the landfills.; There'may'befa
relatlonshlp ‘due to a comb1nat10n of pH and leachate NH3 N
"controlllng the formation of NH3 N gas as regulated by the

~ ammonia equ111br1um expre551on already dlscussed

5.4, 5 " METHANE FLUX

The . effect of air str1pp1ng by methane flux caused by gas‘
product;on was,not1ced-1n'a few wells such as B8 D9 6 R1ch and
F7 Stride (Fig's 5. 30l 5}34, 5 38 and 5 58 respect1vely) These
plots 1nd1cate some elevated concentratlons of NH3 N gas w1th
‘1ncreased CH4,flux." e |

© Even though these_plots indlcate-SOmevinterrelationship,,the:
Pearson correlation'coefficients‘indicate that_nonewof“the four |
'iwells show- a 51gn1f1cant correlatlon (r) - The only‘two‘wells
‘found to have s1gn1f1cant r's were two non- leachate wells, F1 and

.E4‘Matsgu1, which exh1b1t r's of 0. 6439 and 0 6144

flux does not explaln any

Potent1a1 reasons - why CI—I4
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variability in NH,-N gas are liSted in point’form below:

- 1.  The 1ncreased flux in kg CH /cm -day may actually create a

large volume d11ut1on of gaseous components s0 values are 1n>
.turn, lower than expected. This could be the case at Str1de Ave
where low methane]fluxes are associated with higher'thanbeXpectede
NHj—Nvgas_concentrations.b | | | |

2. The internal velocities of the methane‘flow around the
refuse gra1ns is not a substantlal enough force to accelerate the
normal mass transfer rates of ammonla 1nto the gas phase.

13. : The varlatlon in. methane fluxes are due to analyt1cal

var1atlon ‘in ‘many wells.

5. 4 6. GAS TEMPERATURE

v When th1s study or1g1nally began gas temperature (Tg) was
vnot cons1dered a varlable that could affect concentratlons of
‘vNH3 N in- gas. However after the stat1st1ca1 and graphlcal
'analy51s, 1t has become the parameter that best descrlbes the
Jvar1at1on'of NH3 N in gas.> | | _ |

All of - the plots exh1b1t a falrly con51stent
.1nterrelat10nsh1p between fall1ng gas temperature and decrea51ng‘
'1p“NH3fN gas'concentratlon.d The - statlstlcal analy51s also 1nd1cates

‘a strong correlationfbetween the“two var1ables.'.In-the linear
) *regres51on analy51s, R2‘s generated from the leaSt squares»method
- were always greater for Tg than the other parameters analyzed |

.(pH NH;-N leachate, ionic strength CH and CO, flux)

2
The,aver‘age_R2 from each landflll ranged from a low of 0 2504 at

Premier St. to a‘h1gh-of 0.5247gat Matsqui landflll, Results
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~ from the Pearson correlation'indicate that 8 out of 18 wells
analyzed exhibif a'significanf’eorrelation between variables.
All four combined well analy51s also exhibit 51gn1f1cant
correlations ranglng from a low of 0 4716 in. Rlchmond to a‘hlgh'
of 0.6668~1n»Str1de,Ave.. “ |
| Stepwise'multiple regressiah also indicates Tg:is someahat
" interrelated to NH3 N gas as it was the’ only 1ndependent ,a
variable that f1t into the equatlon predlctlng NH3 N gas.“The'
one exceptlon to thlS rule was Premler St where leachate temp
}(Tw) replaced Tg as the lone 1ndependent varlable.‘ The results
of these stepw1se regre551ons are llsted below- o i
| - ’ MATSQUI LANDFILL .

NH.-N GAS (ppb) —267 61 + 33.2 (Tg)

3
R® = 0.4551 Sig F<0.000 N = 49
_ STRIDE AVE. LANDFILL

: NH3 N GAS (ppb) -70 06 + 22 15 (Tg)

R, = 0.3366 Sig F<0.000 *N = 44

RICHMOND LANDFILL
NH, .
R? = 0;2224 Slg F<0.000 N = 86

.fN-GAS_(ppb) é ~68.42 + 10.84 (Tg)

'PREMIER ST LANDFILL'
NH, -
2

N GAS (ppb) = —908.77_+ 48.10 (Tw)
R = 0 3171 sig F=0. 001 N = 30 |

Inspectlon of the above results indicate some very low R2 's
whlch makes 1t very d1ff1cult to have any confldence in

predlctlng NH3 N_gas concentratlons from.these equatlons. In
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addition to findina minimal-statistical relationship between
variables, a non- normal dlstrlbut1on was discovered 1in both
Matsqu1 and R1chmond NH3 N data. 4Slnce these mult1ple regressionf
.equatlons were reduced to a"b1variate regressionlequation,'the.
results for each well can be expressed graphlcally These plots‘»
are located in Flgures 5. 64 through 5.67. These plots exhibit ai
'large p01nt scatter around the best. fit l1ne.' This polnt scatter
is indicatiue of veryplowlﬁzfs like the ones calculated,in this_
analys1s. | “ - ‘ | |

The somewhat llnear relatlonshlp between Tg and NH3 N gas
‘could be due to three reasons. wh1ch are llsted below-r’ |
'i; The: hlgher landf1ll gas temperature could 1ncrease m1crob1al~
umetabollsm rates, ‘or vice-versa. Th1s may cause a release of
more NH3—N for mass transfer 1nto the gas phase.A o
2. The greater the landflll gas or leachate temperature,-the
greater the Henry s Law constant is because of a decrease 1n'
solub111ty ThlS effect causes a greater mass of NH3 N to be
ltransfered into the gas phase elevatlng NH3-N gas concentratlons;v
3. -The‘lower landflll,temperatures are a resultant of
precipitatloniinfiltration‘wthh‘ alreadY'discusSed could.be~af'
sink-for NH3—N gas. So in th1s scenarlo, Tg or Tw are 1nd1rect
‘causes for NI-I3 N gas varlatlon.

The‘most 1mportant factor causing NH34N.gas variation.by Tg
or Tw is probably mechanism‘#Z,.nhere maSsﬂtransfer is‘enhanced
fby hlgher temperatures. For #1 to betvalid ‘therehnou1d tend tol

be a general increase in NH3 N in the leachate, wh1ch was not
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FIG. 5.66 -
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found. However, this_could'hapcen in the'unsaturated zone which
would not be noticed in my results. ‘The indirect reiationshipdqf
#3_nay be impcrtant,.but because precipitation_was rejected fromi
- the regression'equation,‘the impact?cf precipitation ongNH3—N;gas_
is uncertain. | |

5.4.7. OTHER PARAMETERS

Two other parameters monltored to see if they contrlbuted t0’

the temporal var1ab111ty of NH -N gas were, statlc gas flow and

3
1onlc strength of the leachate

An 1ncrease in gas flow was or1g1nally believed much llke,~
.CH4 flux, to cause an increase in NH3—N 1n the gas phase.from
accelerated mass transfer or conseqguently, cause a decrease due
,to mass: dllutlon. Results however,’lndlcate statlc flow showed
m1n1mal*correlat10n w1th NH3—N gas. | h

An increase in the ionic strength of leachate was generally,

: belleved to decrease the solublllty of NH.-N in the leachate

3
thereby cau51ng an 1ncrease of NH3 N into the gas phase. In -
analysis of the data, only one well (F2 Matsqu1) exh1b1ted-anyfd'
'1nterrelat10nsh1p between the varlable pa1r with a 51gn1f1cant r‘
~of 0. 6026 : Def1c1ency in correlatlon w1th 1on1c strength and
NH3—Nrgas may be a result of estlmatlng 1on1c strength from__'h |
conductivity measurements.(Appendix B.5) instead_of calculatingr~.
ionic strengthgfrom a compiete leachate,ibnic'analysis.v |

5.5. LANDFILL GAS ORGANIC CONTAMINANTS

.Qualitative data collected fron‘Tenax'GC trap analysis on

gases from three of the four landfills.is iiSted in tables 5.8
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througb’5 1. The tablesvare'ordered in a specific sequence:l
determlned by the type of compound The divisions of tbe:tablet
rare descrlbed below: | o |
4,VCF-, N, Oé percentages

S 2 | Halogenated Hydrocarbons

3. Benzene and Toluene Compounds

4.  Alcohols |

.5, _'Saturatedvand unsaturated hydrocarbons

6.>' Miscelianeous compounds f
No organicranalysis wasbdone on Stride Aye;'gas because of'v
- tlme constraints and the general assumptlon that not many
organlcs would be detected in: thlS older landflll -

Compounds that were not detected but generally con51dered to

“be in. sufficient concentratlon (sub ppm) were v1nyl chlorlde and :
r_thlol group compounds. ' Vinyl chlorlde is carc1nogen1c wh11e -
thiol group compounds constltute a major fractlon of landflll gas
~ odor (Young and Parker, 1984),: V;nylwchlorlde‘was.expectedgto be.
found since it is avwastelproduct of the PVCvindustry»and‘alsova
“daughter product of the mlcroblally medlated anaeroblc
. degradatlon of certaln halogenated hydrocarbons (1e,i.
tetrachloroethylene) common to these landfllls (Refer to Vogel
vCrlddle and McCarty, 1987) V1nyl chlor1de has been found to be
'aqu1te abundant in landflll gas at concentratlons up to 12 800 ppm:
1n a study by Stephens et al. (1986). Thiol group compounds were
important toydetect.notlonly for»their-odor properties but also

: asya potential interference source in the NH3vagas analytical -
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WELL P! PREMIER ST., January 20, 1988

Methane Tr

Carbon Dioxide 9.9%
Nitrogen 70.7%
Oxygen 19.4%

Tetrachloroethylene

Benzene and isomers (3)
Ethyl Benzene
Toluene

Hexane and isomer

Cyclohexane isomers (4)

Heptane isomer '

Cycloheptane

Bicycloheptane isomer

3-methyl pentane '
Methyl-cyclopentane isomers (2)
C10-C12 hydrocarbons

Pentene isomer

Xylenes *

Furan isomer
Cyclohexanone isomer
Benzaldehyde

* Appearance of this could be due to trap bleed

TABLE 5.8 - Landfill gas VOC's detected by GC-MS and Tenax Trap
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Methane --
Carbon Dioxide --
Nitrogen -
Oxygen --

1,2-dichloroethene
Tetrachloroethylene
Difluorodimethyl Silane

Benzene and isomers(8)
Toluene

Phenol

Nonane

Cyclohexane isomers (2)
Xylene and isomer *

Benzaldehyde and isomer
1-phenyl Ethanone

o e e S e e e M T A S e S mm T e S mm S e Em e A v A e T e M e S A e v e e A e
R S - T 2 - 2 2 F 2 R 3 & 2 1 5 1 =t T

* Appearance of this could be due to trap bleed

TABLE 5.9 - Landfill Gas VOC's detected by GC-MS and Tenax Trap
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WELL F3 MATSQUI LANDFILL, April 22, 1988

e T N T N T e I Y r Y r r r 1 r1 1t

Methane 50.1 %
Carbon Dioxide 32.5 %
Nitrogen 17.4 %
Oxygen Tr

1,2-dichloroethane
Trichlorofluoromethane
1,1-dichloroethene
1,2-dichloroethene
Trichloroethylene
Tetrachlorethylene
Dichlorobenzene
Trichlorobenzene

Benzene and isomers (10)
Trimethyl Benzene

Tetramethyl Benzene isomers (3)
Toluene

Phenol
Phenol isomers
Dimethyl Cyclooctanemethanol isomer

Hexane

Heptane

Cyclohexane isomers (3)
Tetradecane

Octane isomer

Nonane and isomers (2)
Decane and isomer
Bicyclo-heptane isomers (2)
Cycloundecane isomer
Dodecane
1,3,5-cycloheptatriene
4-ethyl-2-octene.
Xylenes *

Indene isomers (4)

1,1 Diethyl Ether
1,1'-Biphenyl

Naphthalene and isomers (5)
Phenyl-Oxazole isomer
Benzofuran isomer

* Appearance of this could be due to trap bleed

TABLE 5.10 - Landfill gas VOC's detected by GC-MS and Tenax Trap
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e T e Sy o e e o S M e e e A e e S S S S A M A e e e A M At A M e S As S e e e e Em o s Em a— s = e ==
S S 3 3 3 5 1 - - - - - - - 1 1

Methane 56.5 % Methane 54.3 %
Carbon Dioxide 43.5 % Carbon Dioxide 41.8 %
Nitrogen 0.0 % Nitrogen 3.1 %
Oxygen 0.0 % Oxygen 0.7 %
Trichlorofluoromethane Trichlorofluoromethane
Methylene chloride dichloromethane
1,2-dichloroethene 1,2-dichloroethene
Trichloroethylene Trichloroethylene
Tetrachloroethylene Tetrachloroethylene
1,2-dichlorobenzene

Trichlorobenzene

Fluorene

Benzene and isomers (5) Benzene and isomers (6)
Trimethyl benzene isomer Ethyl Benzene

Tetramethyl benzene isomers (3)

propyl benzene.

Toluene

p-isobutyl Toluene

Phenol isomers (2) Phenol :
Bicyclo-octanol isomer Benzenemethanol-ethenyl
Hexane Cyclobutane isomers
Heptane and isomer Pentyl Cyclopropane

Nonane and isomer Cyclopentane isomer

Tricycloheptane isomer

Decane and Tridecane isomers

Xylenes * : Xylenes *

Bicyclohexene isomer

3,9-Dodecadiene

Indene isomers (3) Methyl Indene and isomer
Trimethyl dihydro Indene

Ethyl and Methyl Ester Butanoic Acid
Naphthalene and isomers (6)

Disulfide isomers (2) Benzaldehyde
Trans-Cyclohexanone isomer 1-phenyl-Ethanone
Benzofuran isomer 2,2'-bifuran

1,1'-Biphenyl

Methyl Benzofuran
Dibenzofuran
Acenaphthylene isomer

* Appearance of this could be due to trap bleed

TABLE 5.11 - Landfill Gas VOC's detected by GC-MS and Tenax Trap
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techn1que already dlscussed
| The reason(s) v1nyl chlor1de was not ‘detected is probably
due to analyt1calv1rm1tat1ons during thermal desorpt1on of the .
trapped organlcs. On‘the-other hand thiol group compounds are
"more polar and less l1kely to be trapped on: Tenax GC materlal |
Other trapping materlal such<as Porapak Q as suggested by Brookes
.andeoung (1983), or analysis of the condensate may’be_more-
effectiVe in detectingIthlols. | v ‘_‘ ,

| Inspectlon of Tables 5 8 through 5. vlndicate that up’to>8'f
: chlorlnated hydrocarbons were detected _ Probably theImost o
abundant class of organ1cs found were the substltuted benzenes
fand related 1somers.3 Also not1cab1e 1n Table 5. is: the greater
”detect1on of compounds in C6 R1chmond after the sampllng |

technlque was reflned

_5.6, PREDICTION OF. NH3 N GAS THROUGH HENRY S LAW

5.6.1.- INTRODUCTION

The law that governs the partltlonlng of a volatlle
compound between the gas and aqueous phases is. commonly referred o
to as Henry s Law.k The: constant to Henry S Law (Hx) comes 1n' ;
many unlts, but rs usually reported as the partlal pressure (Pa)
of the volatile compound divided by it's mole fractlon_(Xa) in
the.aqueous phase asthown in'equation;(i):: ~

» | Hxh: Pa/Xa o s‘ﬂr(i)

Henry s Law constants are measured  in the lab by three .I_"‘

common technlques llsted below (From MacKay and Sh1u, 1981)

1. The .use of vapor pressure and SOlUblllty data.
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2. D1rect measurement of air and aqueous concentratlons.
3. ‘Measurements of relat1ve ‘changes in concentrat1on w1th1n
one phase, while'affecting a near-equilibrium_exchange
;=w1th the other phase. | | | )
A novel fourth approach ‘called "Equ111br1um Part1t1on1ng 1n;'
Closed Systems"” (EPICS) has been s1ted by many to be a more
h accurate technlque for measuring Hx"' s, espec1ally for volatlle_
‘organlcs.a This technlque is dlscussed 1n more detail by Gossett
(1987). | | | o

The main asSumption for‘Henry's LaW'to be;valid‘is that the

iaqueous and gaseous phases must be in equ111br1um. The gas phaser,‘

-should behave 1deally whlle the aqueous phase can behave non—l,,.
1deally ‘as long as the solutlon (1e., leachate) is dllute (< 0 05R
}'mole fractlon). In thlS data, all mole fractlons are less than
10—6;'so-Henry's law is valld; '

In the follow1ng sectlon, four entlrely dlfferent Hx's w111
‘be evaluated for the1r potentlal to predlct NH3 N in the gas
phase glven the NH3 N concentrat1on in the leachate. i
| After evaluat1ng the spreadsheet results, a sect1on in thls;
the51s w1ll be devoted to d1scu551ng the potentlal reasons for
: dev1at10n observed between the ratlo of predlcted versus measured~‘

‘ NH3 N gas concentratlons.l

~5.6.2.‘ COMPARISON OF DIFFERENT HENRY'S LAW CONSTANTS

5 6.2.1. CORRECTED VAPOR PRESSURE METHOD

This method 1s employed by MacKay and Sh1u (1981) and others

for calculatlng Henry s Constants from avallable solub111ty and -
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vapor pressure data. Eguation (ii) is presented below:

H, = Pc/S (ii)
Where Pc = corrected vapor pressurer(atm)
S = Solubility of Ammonia in

distilled water (moles/L)

The'corrected vabor;pressure islconsidered'mOré accuratew
'than the reference vapor pressure because the system 1s non-
1deal and dllute.. Corrected vapor pressure is a functlon of the
temperature and solub111ty and is calculated in Append1x B 10
Regress1on equatlons are used'to calculate both the solub111ty,;

; and reference vapor pressure as a funct1on of temperature. .These

”‘equatlons are also listed in Appendlx B 10.

4 Poss1ble errors 1ntroduced into calculatlng thlsvconstant
i1nclude the follow1ng | -
1.f Var1at1on 1n the reference vapor pressure calculatlon.
'Unfortunately, no coeff1c1ent ot varlatlon was documented
'2.1 The small varlatlon in the regre551on equatlon to
estlmate solublllty The coefficient of variation (6 C.V.) 1se
_dless than 1.0 % with the-r2 be1ng a respectlble 0. 999806
'3;‘ Solub111ty data 1s taken from pure water measurements,'
b.lso»errors are uncerta1n when-con51der1ng a leachate. Solub111ty,'
_lof NH3 has been shown to decrease w1th 1ncreas1ng 1on1c strength
_so this method ‘may overpredlct SOlUblllty in non-pure systems.
Inspectlon of the results 1n Tables 5. 12 through 5 19
"ind1cate that pt. #4 is most llkely the major cause behlnd the
‘:'hlgher than usual ratlos between predlcted and measured NH3 N in

gas. - The" overpred1ct1on of NH3—N in gas is most llkely_due to:an,
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DATE  NH3-N Ml NH3 BY KL RATIO W2  NHI BY H2 RATIO M3 M3 by H3 RATIO M4 by NH3 by H4 RATIO
6AS  (moles/ (ppb) HI/MEAS (ate/X)  (ppb) H2/MEAS (moles/ (ppb) H3/MEAS FORMUAA (ppb)  H4/MEAS
(ppd)  (L-atw) (L-atn) AS (D

FL MATSQUI
01/12/688 4.8 27.1  1823.3 40.6832 0.57  507.5 11.3232  143.7  344.4  7.6840 3.B4E403  138.7 3.3422
01/26/88 3.4 19.3  2561.8 65.0311 0.69  843.2 21,4043  116.6  424.7 10,7803 3.23€+3  188.7 4.7913
02/09/88  30.2 20,8 1842.9 60.9780  0.67  644.6 201.3278  119.6  320.6 10.6080 3.306+63  150.9 4.9931
03/01/88  140.4 15.9  2366.8 16.8561 0.78  676.0 4.8145 100.0  365.9 12,6059 2.85%»3 177.6 1.2680
03/29/88 37.1 20.6 1186.1 31.9394 0.69  39%.6 10.7587  116.6  210.f 5.6578 3.23t+03  102.8 2.7678

F2 MATSQUI
08/05/87  204.7 9.0 9218.9 45.0424 0.87  1465.9 7.1620 86.0  968.4  4.7312 2.526403  416.1 2,032
08/25/87 408, 9.3 7053.3 17.2125 0.87 1144.3  2.8021 86.0  763.4 1.B695 2.52£+03  322,0  0.7885
09/08/87  397.4 8.3 10815.4 27.2178 0.90 1602.6 4.0330 8.9 1092.3  2.7494 2426403  458.9 [.1347
09/22/87  3M1.4 9.3 97739 31,3837  0.87 1560.6  S.0110  B6.0 1057.9 3.3968 2526403  M4B.8  1.4410
10/06/87  166.5 9.6 11834.8 71.0840  0.30 2049.0 [2.3069 819 13%0.5 8.3521 2.42403 SB4.2  3.509%
10/20/87  143.1 1.6 10136.7 70.8429 0.87 2025.2 14.153% 86.0 1363.4 9.5282 2.52E+03  573.3 4.0208
1/10/87 1357 11.9 12268.7 90.4243 0.84  2429.3 17.9050 90.4 1616.8 11,9166 2.63E+03  688.0 35.0707
11/24/87 400 127 33393.5 634.3575  0.84 6907.2 172.5808  90.4  4E9L.7 117.2254 2.63EH03 .1958.7 48.%402
12/08/87 5.8 19.3 2200 8.543  0.69 56,9 2.2108 1166  36.5 1.4164 3.2E43 16,5 0.6393
12/29/87  18.2  17.0 2453.9 134.8381  0.69  362.0 30.8862 116.6  3IST.5 19.6465 3.23E+03  160.5 8.8190
01/12/88 3.7 2.7  417.8 2.173% 0.60 128.3 5.4267  136.3 83.0  3,5032 3.68£403 3.8 1.6370
01/26/88 3.7 155 117.9 3.0430 075 25.2 0.6509  105.2  17.4  0.4435 2.97E¢03 7.8 0.2002
02/09/88  33.2 16,0  46.8 L.412¢ 073 109 0.3298 9.5 1.7 0,213 2.806403 3.3 0.1008
03/01/88 69.3 15.0  2509.9 36.2206 0.75 555.9 8.0223 105.2 359.0 5.iB10 2.97E+03  184.6 2.3758
03/29/88 2.t 15,5  1314.1 18.2185 0.75  284.3 3.M17  105.2 1.1 2.6911 2,97€+03 92.7 1.28%

F3 NATSEUL
12/08/87 19.8 - 210 1600.1 81,0053 0.66  443.0 22,4275  122.8  273.8 13.8607 3.37E+03  129.7 6.5668
12/09/81 B9 2.0 939.2 26.1848 0.66 258.0 7.1935 122.8  160.7  4.4805 3.37e43 7.2 2.133
01/12/88 2.7 21.0 5.8 20.4326 0.66  145.0 S5.4266 122.8 93.4  3.4962 3.376+03 43.6  1.63%2
01/26/88 3.6 15.0 5310 17.9519 0.78 1169 3.9515  100.0 79.4  2.6859 2.8%¢+03 3.9 1.2469
02/09/88 520 171 158.8 3.0532 0.78 40.0 0.7685 100.0 " 27.1 0.5216 2.85E+03 1.1 0.2333
03/01/88 135.9 12.3 92.4  0.6801 0.87 18.5 0.1358 8.0 13.3  0.0976 2.526403 6.4 0.0472
03/29/88 “.7 6.1 1503 3.384 0.75 33.7 0.740  105.2 3.1 0.5163 2.97e+03 1.4 0.247

TABLE 5.12 - Results of Henry'’s Law Comparison
F1, F2, F3 Matsqui

H1 = Henry's Law Constant - Corrected Vapor Pressure Method
Hyp = Henry'’s Law Constant - Mole Fraction Method
H3 = Henry's Law Constant - Gibbs Free Energy Method
Hy = Henry'’s Law Constant - Solubility-Equilibrium Method
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lkl

DATE NH3-N Hl N3 BY H1 RATIO HZ  NH3 BY H2 RATIO K3 NH3 by H3 RATID  H4 by NH3 by 4 RATIO
6AS  (moles/ (ppb) HI/MEAS (ate/X) (pph) H2/NEAS (woles/ (ppb) H3/MEAS FORMULA  (pph) _H4/NEAS
(ppb)  (L-ata) © (L-ate) AS £(D
FS MATSQUL
08/05/87 22.0 9.9 4375.0 207.7523 0.87  901.5 40.9395 86.0  326.2 23.8932 2.52e+03  227.0 10.3100
08/25/81  601.6 9.1 19743.9 32.9197 0.90 3980.2 6.6162 81.9 2182.0 3.6271 2.42€+03  938.8  1.5603
09/08/87 75.9 9.9 19145.1 252.2225 0.87 3986.3 52.5164 86.0 2201.8 29.0076 2.52E403  956.8 12.6057
09/22/185  143.9 8.5 14740.2 102.4617 0.87 2624.3 18.2455 86.0 1459.4 10.1446 2.526403  634.5 4.4107
10/06/87 9.1 8.8 23934.9 241.4131 0.90  4597.0 456.3668 Bl.9 2566.4 25.8856 2.42E+03 1109.8 11.1942
10/20/871  276.9 9.9 16482.6 59.5349 0.87  3442.5 12,4342 86.0 1895.6 6.9470 2.52£+03  867.1 3.1320
11/10/87  162.8 13.5 2553.1 15.2349 0.81  591.0 3.5263 95.1  363.7 2.1704 2.74E+03  162.8 0.9717
11724781 7.3 16.0 33.t 0.80876 0.78 8.1 0.2183  100.0 5.3 0.1418 2.85€+03 2.4 0.0647
12/08/87 13.7 16.3 62.7 45972  0.78 6.t 11779 100.0 10.4  0.7588 2.83€+03 4.7 0.3
12/29/87 72.9 177 4335.3 59.4643 0.78 1404.1 19.2569  100.0  766.3 10.5098 2.85€+03  352.8 4.8391
01/12/88 30.8 16.0  9305.9 302.4283 0.76  2769.4 90.0030  102.6 1452.2 47.1960 2.91E+03  675.5 21.9541
01/26/88 3.0 17.1  348.0 9.6723 .19 %.8  2.6918 97.5 61.0 1.6948 2.80£+03 8.2 0.7840
02/09/88 -- 20.4  250.9 -~ 0.72 72.8 - 1107 46.3 -- 3.10E+03 -- -~
03/01/88 69.1 14.5 2680.3 38.7702  0.81  697.3 10.0869 95.1  407.6 5.8952 2.74E+03  169.2 2.44N2
03/29/88 -- 16.5  845.4 -~ 0.78  230.9 - 100.0 139.7 - 2.85E+03 - -
- F8 BATSQUI

11/10/81  102.9 12.0 0.4 0.0036 0.87 0.1 0.0007 86.0 0.1 0.0005 2.52£+03 0.0 0.0002
11/24/87 40,0 4.5 0.1 0.0014 0.81 0.0 0.0003 95.1 0.0 0.0002 2.74E+03 0.0 0.0001
12/08/87 19.9 17.8 0.0 0.0020 0.73 0.0 0.0004  107.9 0.0 0.0003 3.04E+03 0.0 0.0002
12/29/87 32.4 19.7 1.0 0.02%4 0.73 0.2 0.0073 1079 0.2 0.0054 3.04£403 0.1 0.0025
01/12/88 2.3 21.2 0.2 0.0067 0.63 0.1 0.0020 129.3 0.0 0.0014 3.52£+03 0.0 0.0007
01/26/88 39.8 22.4 0.4 0.007t 0.66 0.1 0.0018 122.8 0.1 0.0013 3.37E+03 0.0 0.0006
02/09/88 22.3 321 0.3 0.0092 0.37 6.1 0.003t 143.7 0.1  0.0021 3.84E+03 0.0 0.0010
03/01/88 82.4 20.0 -~ 0.0000 0.69 - -~ 116.6 - -~ 3.23e403 - -
03/29/88 - 70.3 5.4 -- 0.0000 0.63 - - 18.3 - -- 3.52+03 - -

TABLE 5.13 - Results of Henry'’s Law Comparisom.
F8 Matsqui

F5,
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R

F2,

F3

, F6

Stride Ave.

DATE Hi  NH3 BY HI RATID  H2  NH3 BY H2 RATI0  H3  MH3 by H3 RATID  Hé by NH3 by Hé RATID
8AS  (noles/ (ppb) HI/MEAS (ata/Y) (ppb) H2/MEAS (moles/ (ppb) H3/MEAS FORMULA (pph)  HA/NEAS
(ppt)  (L-ate) {L-ata) AS 1(T)
F2 STRIDE
08/21/87  101.3 12,0 3.9 0,038  0.78 0.7 0.0067  100.0 0.5 0.0046 2.85€+03 0.2 0.0025
09/10/87 1925 12.8 9.8 0.051  0.78 1.8 0.009%  100.0 1.3 0.0065 2.85€+03 0.7  0.0035
0/N81 1568 12,7 7.2 0.0456  0.81 1.3 0.0086  95.1 1.0 0.0061 2.74€+03 0.5 0.0031
10/07/87  209.4 1.6 6.7 0.0320 0.78 1.1 0.0054  100.0 0.8 0.0037 2.85€+03 6.4 0.0018
10/22/87 7.8 15.7 1.3 00179  0.72 0.3 0.0037  110.7 0.2 0.0025 3.10£403 0.1 0.0014
11/12/87  98.9  16.2 3.5 0.0350 0.72 0.7 0.0075  110.7 0.5  0.0051 3.10£+03 0.3 0.0028
1Hwer 1“1 180 0.2 0.0029  0.70 0.1 0.0007  113.5 0.0 0.0005 3.176+03 0.0 0.0003
12/15/87 4.6  18.6 0.2 0.0045  0.70 0.0 0.001t 113.6 0.0 0.0007 3.176403 0.0 0.0004
12/381 NS 19.2 2.5 00317  0.70 0.6 0.0079  113.6 0.4  0.0054 3.17€+03 0.2 0.0028
0/14/88 460 2.2 2.3 0.0502 0.70 0.6 0.0137  113.6 - 0.4 0.0094 3.17E+03 0.2 0.0051
o1/78/88 106 17.8 5.3 0.0524  0.73 1.3 0.0127 1079 0.9 0.0086 3.04E403 0.4  0.0040
o218 1113 1.9 6.5 0.0558  0.72 1.6 0.0133  110.7 1.1 0.0090 3.10£403 0.5 0.0046
03/03/88  86.1  18.4 6.0 0.06%9  0.73 {5 0.0174 1079 1.0 0.0119 3.04E+03 0.5  0.0057
03/31/88 9.0 179 4.2 0.0457 072 1.0 0.0109 1107 0.7  0.0074 3.10E+03 0.3 0.0037
F3 STRIDE
/281 0.6 147 3.7 00175 0n 0.7 0.003¢ 1107 0.5 0.0023 3.10£+03 0.3 0.0013
09/10/87 242.6 139 8,6 0.03%  0.72 1.6 0.0085 110.7 1.1 0.0044 3.10£403 0.6  0.0024
09/24/87  162.6 4.1 9.3 0.0573  0.75 1.8 0.0110  105.2 1.3 0.0077 2.976+03 0.6 0.0039
10/01/87 0.6 15.2 7.0 0.09%  0.72 1.4 0.019 110.7 1.0 0.0137 3.10£403 0.5 0.0069
10/22/87 128.7  16.3 6.2 0.0478 - 0.70 1.3 0.0100  113.6 0.9  0.0069 3.17E+02 0.5 0.0038
tnuer 1333 16.2 9.7 0.078 012 2.0 0.0153  110.7 1.4 0.0107 3.106+03 0.8 0.0058
1/26/87  110.5  18.6 6.3 0.057  0.70 1.6 0.0142 1136 1.0 0.0093 3.176+03 0.6 0.0051
12/15/87  59.5  18.5 4.2 00708 0.7 1.0 0.0172 1107 0.7 0.0118 3.10E+03 0.4 0.0061
12/31187  75.8  19.0 4.8 0.063  0.73 1.2 0.0161  107.9 0.9 0.0112 3.046¢03 0.5  0.0060
o/i4/88 564 19.1 1.3 0.028 0.2 0.3 0.0055  110.7 0.2 0.0039 3.10£+03 0.1  0.002!
01/28/88  215.4  16.6 7.6 00352 0.73 1.7 0.0079  107.9 1.2 0.005¢ 3.04£+03 0.6 0.0027
02/11/88 62.2 12.2 6.3 0.1006 0.73 1.4 0.0230 107.9 1.0° 0.0160 3.04E402 0.5 0.0082
03/03/88  53.8  17.9 7.8 0.1442 072 1.8 0.0323 1107 1.3 0.0233 3. 106403 0.6 0.0116
03/31/88 779 1.1 1L.B 0.1514  0.TS 2.8 0.0355  105.2 1.9 0.0247 2.976+03 1.0 0.0123
F6 STRIDE
10/2/87  113.6 12,4 30.7 0.2705 0.7 5.6 0.0434  102.6 3.7 0.0327 2.91£403 1.7 0.0152
1112187 M54 145  18.4 0.0750  0.78 3.8 0.015¢ 100.0 2.7 0.0109 2.85+03 1.3 0.005
1/26/87 2022 18.4 3.0 00147 on 0.7 0.003  107.9 0.5  0.0025 3.04€403 0.2 0.0012
12/15187 823 20.4 2.7 0030 0.7 0.7 0.0050 107.9 0.5  0.0062 3.04E+03 0.2 0.0029
12/31/87  60.2 24,0 5.2 0.086  0.66 1.5 0.027  in.8 1.0 0.0169 3.37€+03 0.5 0.0082
01/14/88 355  24.0 3.4 0.0958  0.66 1.0 0.0273 122.8 0.7 0.0187 3.37€+03 0.3 0.0078
01/28/88 257.4  19.8 .1 00275 0.70 1.8 0.0070  113.6 1.2 0.0048 3.17€+03 0.6 0.0023
02/11/88  N.D. 221 63 - 0.69 1.8 -~ 6.6 1.2 -- 3.236403 -- -
03/03/88  65.1  19.8 6.8 0.1037  0.70 1.7 0.0262 113.6 1.2 0.0181 3.176+03 0.6 0.0086
TABLE 5.14 - Results of Henry'’'s Law Comparison
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DATE NK3-N Hl  NH3 BY H1 RATIC H2  NK3 BY H2 RATIO H3  NH3 by H3 RATIO  H4 by NH3 by H4 RATIO
6AS  (moles/ (ppb)  HI/MEAS (ate/1)  (ppb)  H2/MEAS (soles/ HI/REAS  FORMULA He/MEAS
(ppd)  (L-ata) (L-atw) AS (1)

F7 STRIDE
03/27/81  239.8 12.8 0.8 0.1286 0.78 -3.6 0.0235  100.0 0.0164 2.85E+03 2.0 0.0082
09/10/87  244.4 10.6 52.7 0.215 0.8¢ 8.3 0.0338 95.1. 0.0239 2.74E+03 2.9 0,0120
09/24/81  120.7 13.6 2.6 0.1793 0.78 4.2 0.0345  100.0 0.0244 2.85E+03 .5 0.0125
10/07/87 97.3 13.9 17.7  0.1822 0.72 3.2 0.0332 110.7 -0.0228 3.10£+03 1.2 0.0121
10/22/81  179.0 13.2 18.4 0.1029 0.78 3.4 0.0193  100.0 0.0133 2.85€+03 1.3 0.0070
1/12/87  193.8 13.6 29.7 0.1531 0.76 5.6 0.0289  102.6 0.0203 2,91E+03 1.9 0.0100
11/26/81  228.2 15.0 2.3 0.0100 0.75 0.0 0.0002 105.2 0.0014 2,97€+03 0.2 0.0007
12115487 49.2 . 16.0 20.3  0.4117 0.8t 4.9 0.0992 95.1 0.0692 2,74E+03 1.7 0.0355
12,3181 42.9 16.0 8.5  0.4307 0.78 4.3 0.09%¢  100.0 0.0688 2.85£+03 1.4 0.033%
01/14/88 43.7 14.5 23.7  0.5436 9.81 3.1 0.4 95.1 0.0827 2.74E403 1.8 0.0410
01/28/88  161.4 15.3 18.0 o117, o0.78 4.0 0,047  100.0 0.0173 2.85E203 1.5 0.0095
02/11/88  299.4 15.3 28.4  0.0950 0.78 6.4 0.0213  100.0 0.0147 2.85E403 2.6 0.0088
03/03/88 69.2 14.9 1.4 1.0331 0.79 5.7 0.2270 97.5 0.1583 2.80E+03 5.9 0.0847
03/31/88 39.6 14.9 8.4 0.9708 0.79 8.4 0.2122 97.5 0.1488 2.80E+03 2.8 0.0m1

F8 STRIDE
12/13/81 30.1 19.7 06 0.0191 0.72 0.1 0.0049  110.7 0.1 0.0034 3.10£403 0.0015
1213187 15.7 19.7 1.0 0.039%0 0.72 0.8 0.0099  110.7 0.5 0.0070 3.10E+03 0.0038
01/14/88 50.9 0.4 3.9 0.0738 o.n L0 0.0200 110.7 0.7 0.0140 3.10€+03 0.0074
01/28/88  168.3 18.3 1.4 0.0073 0.72 0.3 0.0018 110.7 0.2 0.0012 3.10£+03 " 0.0006
02/11/88 71.2 u.0 0.5 0.0071 0.66 0.1 0.0020 122.8 0.1 0.0014 3,37€+03 0.0008
03/03/88 69.8 18.5 0.8 0.0120 0.72 0.2 0.0028 110.7 0.1 0.0020 3.10£+03 -
03/31/88 n.3 A.7 1.1 0.0147 0.66 0.3 0.0038 122.8 0.2 0.0026 3.37€+03 0.0013

108 STRIDE
08/27/87  278.8 12.0 1.3 0.0046 0.78 0.2 0.0008 100.0 0.0006 2.85E+03 0.t 0.0002
09/10/87  283.1 1.1 3.2 0.0112 0.75 0.5 0.0017  105.2 0.0012 2.97€+03 0.1 0.0005
09/24/87 98.0 13.3 1.4 0.0141 0.75 0.3 0.0026 105.2 0.0018 2.97€403 0.1 0.0008
10/07/87  112.0 1.4 2.0 0.0176 0.73 0.3 0.0028  105.2 0.0019 2.97€+03 0.1 0.0008

TABLE 5.15 - Results of Henry'’s Law Comparison

F7, F8,

10B Stride Ave.
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DATE  NH3-N  HL  NHI BY H1 RATIO - H2  NH3 BY K2 RATIO  H3  NH3 by H3 RATIO  H4 by NH3 by Hé RATIO
GAS  (moles/ (ppb) HI/MEAS (ate/X) (ppb) H2/MEAS (moles/ (ppb) H3/MEAS FORMULA  (ppb)  H4/MEAS
(ppb)  (L-atw} (L-ata) AS £(T)
B8 RICHNOND
09/01/87  253.4 6.4 994 39126 0.9 1215 0.4797 4.3 85.5 0.3375 2246403 3.0 0.1421
09/15/87 75.5 8.6 1407.9 18.6564  0.93  226.3 2.9993 78.0  154.4  2,0465 2.33E+03 65.6  0.8691
09/29/87 2318 7.4 1366.4  S.8960  0.96  196.6 0.8485  74.3  136.2 0.5878 2.24E¥03  §7.4 0.2478
10/13/87  102.8 8.1 13%4.4 13.5610 0,93  215.6 2.0970  78.0  144.0 1.4007 2.33E+03  61.0 0.5937
11/03/87  128.9 8.9 2818.3 21.8575  0.96  491.3 3.8105 743 33N.1 26044 2.24E403 1411 1.0%46
1117167 N.D. 10.0  266.8 - 09 4L - 199 12 -- 2.3BE403 14,2 --
12/01/87 N.0. 12.3 3.6 = 0.8 6.4 -- 88.2 4.4 -~ 2,58E+03 1.9 -
12/24/81 29.1 14.9 35.9  1.2168 0.79 8.0 0.2735 9.5 5.4 0.1865 2.80£+03 2.4 0.0828
01/06/88 30.2 16.0 §2.6 1.7438 0.8t 12.8  0.4236 9.1 8.8 0.2930 2.74€+03 1.9 0129
01/19/88 365 165 381 L0431 0.78 9.1 0.2504  100.0 6.3 0.1723 2.85€+03 2.8 0.0769
02/02/88 4.1 3.8 3.5 1.5350 0.67 1.4 0.4739 119.6 1.5 0.30% 3.30£+03 3.4 0.1422
02/24/88 1.9 15.0 8.7 0.1405 075 1.7 0.0282 105.2 1.2 0,0201 2.97E+03 0.6 0.00%0
03/15/88  334.9 13.6 13.7  0.0409 0.78 2.6 0.0079  100.0 1.9  0.0056 2.85E+03 0.9  0.0026
04/03/88 9.6 19.8 7.2 0.3643 0.70 1.8 0.093¢ 113.6 1.2 0.0636 3.17E+03 0.6 0.0308
- 09 RICHNOND
03/01/87  280.3 4.2 17393.4 62.7740 117 18M.3  6.75% 3.3 139%0.6 4.9616 L.71E403  546.9 1.9312
09/15/87 790 S.4 11599.5 1467584  [.14 1560.0 19.7370  S5.8 1115.B 14.1171 L.J7E+03  443.1 5.6067
09/29/87  118.5 4.6 18289.3 154.3359 1,17 213¢.4 18.0115 33.3  1871,9 13.2649 1.71EM03  621.8 5.2470
10/13/87 35.9 4.5 97381.0 2716.08 1.14 10688.8 298.1247 35.8  7892.4 220.1303 1776403  3072.7 85.7010
11/03/87 72.6 3.2 28361.6 390.7305 1.14  3573.6 49.2328 5.8 2649.7 36.5045 1.77€+03  1046.3 14.4140
wAner 1707 4.6 17157.6 100.5137  1.20 2011.3 11.7828  50.9 1566.7 9.1780 L.64E+03  6€09.9 3.5731
12/01/87 N.D. 4.7 2190.6 - 1.18  245.0 - sl 1997 -- 1.68E+03 18.1 -~
12/24/88 9.8 6.2 68.7 11,7289 1.14 9.1 0.2278 55.8 1.7 0.1932 1.77E+03 3.1 0017
01/06/88 11.7 5.9 8816.7 750.6831 t. 14 1241.6 105.7148 35.8  927.1 78.9386 t.77E+03  373.2 31.7747
01/19/88 4.7 8.1  644.9 144320  1.05  107.7 2.4091  64.3 815 1.8229 1.99E+03  33.B  0.7569
02/02/88 .4 7.5 9324.1 270.8809 1.08 1631.5 47.3918 61.3 1140.7 33.1395 1.91E403  468.2 13.6033
0224188~ M.D. 6.9 12082.9 - 1.09  1980.9 - 9.9 1389.2 -- 1.88E403  $65.5 -
03/15/88  205.7 6.3 23771.1 115.5444 1.1 3724.0 18.1012 38.5 25720 12.5016 1.84€403 1114.5 35.4171
04/05/88 N0, 9.5 2129.4 - 0.9%  401.7 -~ 3 ma -- LMEH3 1215 -
TABLE 5.16 - Results of Henry'’s Law Comparison

B8,

D9 Richmond-
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DATE  NHI-N M1 NM3 BY Hi RATIO W2 NI BY K2 RATIO W3 M3 by H3 RATIO M4 by NH3 by W4 RATIO

GAS  (aoles/ (ppb) HI/NEAS (ate/X) (ppb) H2/MEAS (moles/ {ppb) H3/NEAS FORMULA (ppb)  HA/NEAS

{ppb)  (L-ats) (L-atw) AS (D

C6 RICHNGND
09/01/87  141.1 5.7 304.0 21549 108 368 0.2607 613 28.3 0.2008 L.9IEX3  11.4  0.0811
09/15/87 776 6.5 4319 56428 105 5.1 0.7618  64.3 446 0.5746 199403 18.1 0.2333°
09/29/87  266.2 6.0 623 0.2342 1.05 7.7 00289 643 5.8 0.0218 1956403 2.4 0.0089
10/13/87 1192 5.6 764 06404 LL11 9.4 00789 8.5 1.3 0.0615 1.B4EX3 2.9 0.024]
11/03/87  74.8 6.1 4231 S.658¢ 108 54.3 07259  61.3 4B 0.5592 1.91E«03  16.7 0.2234
WANST T4 62 M1 0094 1.08 1.8 0.045 613 14 0.01% 1.91E#3 0.6 0.0080
12/01/87  N.D.  10.6 122 - 0 2.3 - 799 16 - 2386403 0.7 -
122081 44 16,5 150 L0 079 3.7 02593 925 2.5 0.1769 2.806+03 L1 0.078%
01/06/88 11,5 155 9.5 0.8252  0.78 2.1 0.1869 100.0 1.5 0.1276 2.85€+63 0.7 0.0575
0119/88 626 12.6 (9.8 0.3162  0.8¢ 4.3 0.0680 9.4 3.0 0.0474 2.63€+03 1.3 0.0210
02/02/88 149 4.5 254 L7072 0.81 5.7 03851 951 3.9 0.25% 2.74E+03 1.7 0.1153
02/24/88  40.6 123 35.5 0.8M43  0.81 6.7 0.1658  95.1 4.6 0.1132 2746003 2.0 0.0503
03/15/88 1189 8.7  59.0 0.49%2 0.9 9.8 0.0823  70.8 7.3 0.0610 2.15E+03 - -
04/05/88 142 13.6 5.8 0.4073 0.8 1.3 0.0834 9.4 0.9 0.0611 2.63E+03 0.4 0,028
67 RICHMOND
09/01/87 2712 5.8 9220 34006  1.02  10B.6 0.4006  67.4  79.0 0.2913 2.07E403  32.6 0.1200
09/15/87 805 6.4 11310 14.0527 0.9 1455 1.8081  70.8 1029 1.2782 2.156+03  43.1 0.5381
09/29/87 1734 6.5 15243 8.80%4 .02 203.2 11736 67.4  146.5  0.8465 2076403 61.0 0.3524
10/13/87 1248 6.2 1489.0 119264 105 195.8 1.5681  64.3 1429 1.1448 1.99Ew03  S8.7 " 0.46%
1/03/87 744 6.9 2488.8 334312 1.02 3544 47607 7.4 253.8  3.409 2.07E+03  105.4 14153
w181 188 1.9 17910 %4.7868 105 299.5 15.9388  64.3  218.0 11.6000 1.9%E«03  89.3 4.75%
1200187 WD 104 136.7 —- 0% 261 - 1 186 - 2.286403 1.9 -
12481 106 16,5 182 L72a7 0.8t 4.5 04300 9.t 3.2 02993 2.74E+03 1.4 0.1335
01/06/88  25.2 9.6 97.4 38659  0.99  17.3 0.6851 70,8 3.2 0.528 2.156403 5.5 0.2170
01/19/68 200 . 101  64.6 3.2263 0.9  11.6 0.5804 74,3 8.8 0,438t 246463 37 0.1650
02/02/88  K.D. 120 S1.8 ~ 090 107 - B9 16 — 24243 3.3 -
02/24/88 - 108 8.3 = 0% 102 - M3 L] 22483 3.3 -
03/15/88  186,3 9.5 67.0 0.35% 0.9  1l.4 0.0613 743 8.5 0.M458 2246403 3.9 0.0208
04/05/88  K.D. 165 2.4 - om 0.5 —- 10,6 0.4 == 2.91E48 - -
Results of Henry's Law Comparison

TABLE 5.17 -

Cé6,

G7 Richmond
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DATE NH3-N Hl  NH3.BY Hi RATIO H2  NM3 BY H2 RATIO H3  NH3 by H3 RATIO K4 by NH3 by H4 RATIO
6AS  (woles/ (ppb) HI/HEAS (ata/X}  (ppb) H2/MEAS (soles/ (pph) H3/MEAS FORMULA  (ppb)  H4/MEAS
{pph)  (L-atw) - (L-atw) A5 HD
0.55 RICHMOND
09/01/87  156.8 5.2 3201.8 20.4204 369.2  2.3547 61.3  273.8 1.7463 1.91€+03  112.1 0.7149
09/15/87 N.D. 5.7 2001.8 - 252.8 - 61.3 186.6 -~ 1.91£403 76.4 -
09/29/87 85.3 5.0 27,5 28.4721 . 275.3  3.2285 58.5 2077 2.4366 1.84E+03 84.3  0.9892
10/13/87  101.8 5.2 2477.5 24.2264 .11 290.8 2.8353 58,5 218.1  2.1418 1.84E+03 88.2 0.8660
11/03/87  125.5 6.1 2843.3 22,6493 .11 392.8 3.12% 38.5  298.5  2.3777 L.84E+03  119.4 0.9515
11717187 19.3 6.9 1563.3 80.8784 1.1t 245.3 12.6891 38.5 185.5  9.5967 1.84€403 75.0 3.8809
12/01/87 N.D. 3.5 9964 -~ 0.96  183.1 -~ 74.3 126.9 -- 2. 48403 3.6 -~
12124187 14.7 10.2  851.2 57.9230 0.99  171.9 11.8991 70.8  122.9 8.3604 2.15E+03 52.0 3.5409
01/06/88 3.6 8.3 1541.5 42.1301 1.03  267.6 7.1 63.8  194.8  5.3245 2.03E+03 77.4  2.1160
01/19/88 17.4 9.6 923.8 11.9421 0.9 176.3 2.21%1 70.8  124.9  1.6149 2.15E+03 52.0 0.6720
02/02/88 29.2 9.7  500.4 17.1148 0.93 9.3 31230 18.0 62.1  2.1244 2.336+03 26.8  0.9169
02/24/88 - 8.2 999.9 -- 0.99  160.0 - 70.8  115.5 -~ 2.15E+03 46.6 --
03/13/88 14,1 10.3  440.8 5.9477 0.93 4.4 1134 8.0 38.3  0,7866 2.33E+03 6.9 0.363%
04/05/88 93.8 14,0 41,3 0.4400 0.82 8.9 0.0943 92.7 6.2 0.0664 2.68£403 3.0 0.0315
B.53 RICHMOND

03/01/87  203.7 4.7 2701.7 13.2611 1.08  273.5 1.425 61.3  206.7 1.0146 1.91E+03 83.6  0.4103
09/15/87 N.D. 5.3 2922.7 - 1.11  346.8 - 58.5  264.8 — [.84E+03  106.2 - --
09/29/87 N.D. 5.2 1991.4 - .11 2.t - $8.5 1753 - 1.84E+03 10.7 -
10713787 171.1 .6 977.1 5.7103 1.08  117.1 0.6842 61.3 88,5 0.5170 1.91E+03 5.8 0.2090
11/03/87 2.6 5.7 1272.9 43.0637 .14 161.4 35.4598 55.8 129.9  4.3M7 1.776+03 5t.9 L7563
11/17/87 32.4 6.5 1405.2 26.8419 .11 20.9 3.8372 58.5  156.7 2.9941 1.84E+03 63.3 1.20%
12/01/87 N0, 8.4 3939 - 1.08 61.3 -- 64.3 S1.4 - 1.99E+03 21.1 -
12/24187 20.4 13. 129.6 6.3586 0.9 30.6 1.5033 81.9 21,8 1.0676 2.42E403 9.7 0.473%
01/06/88 3.2 1.9 153.2° 4.0150 0.9 33.6 0.8807 81.9 4.0 0.6301 2.42E+03 10.7 0,279
01/19/88 3.5 14.5 99.7 3.1678 0.78 21,2 0.67:2  100.0 14.4  0.4588 2.85£+03 6.6 0.2092
02/02/88 17.0 14.3 42.2  2.47%0 0.84 9.6 0.5626 90.4 6.8 10,3971 2.63E+03 3.0 0.1785
02/24/88 - 11.6 .3 -- 0.88 6.8 - 83.9 5.2 -- 2.47€403 2.3 -~
03/15/88 58.6 10.9 1.4 0.2983 = 0.87 3.0 0.0505 86.0 2.2 0.0374 2,526403 1.0 0.0164
04/05/88 - 17.1 5.1 - 0.79 1.2 - 97.5 0.9 - -

- 2.80£+03

TABLE 5.18 - Results of Henry's Law Compafison

D.55,

B.53 Richmond
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DATE NH3-N Hi M3 BY H1 RATIO H2  NH3 BY H2 RATIO H3  RH3 by H3 RATIC  H4 by NH3 by H4 RATIO
GAS  (soles/ (ppb) HI/NEAS (ate/I) (ppb) H2/NEAS (eoles/ (ppb) H3/MEAS FORMULA (ppb)  H4/NEAS
(ppd}  (L-atw) (L-ats) ) AS €D
P1 PREMIER
08/20/87  96.4 6.3 3644.9 377923 1.02 545.9 S.6398  6T.4 3T 3,B544 2.07€403  159.1 1.6301
03/03/87 81.6 7.2 §397.4 66.1317 1.05  864.2 10.58% 64.3  601.8 7.3737 1.99E+03  252.8 3.0979°
09/17/87 1846 6.8 3193.2 17.2958  1.08  SOL.3 2.7156  61.3  355.9 1.9279 1.91E+03  14B.6 0.8048
10/01/87 1113 1.3 2547.0 22.8779 102 402.6 3.6164  67.4 2059 24780 2.076403  116.6  1.0477
10/15/87  75.4  B.0 2425.3 321572 1.02  421.8 S.5926  67.4 2681 3.BI98 2.07€+03  122.4 1.6231
11/05/87 1416 . 8,1 7560.8 18.0882 1,03 455.3  3.2162 65.8 3136 2.2149 2.03€+03  132.4  0.9354
11/19/81 84.3 8.8 1646.5 19,3323 1,02 3t2.8 3.7109 67.4  215.0  2.5507 2.07E+03 91.7 1.0881
12/03/87 179 9.6 1970.3 110.1788 0.9  390.3 20.823%9 0.8  266.5 14.89% 2.1SE+03  114.9 £.4229
1222181 42.7 10.6 2502.7 58.5619 1.00  570.4 13.3479 69.1  385.4 9.0183 2.11E403  164.3 3.8433
01/05/88  63.8 102 30%.7 48.5514  0.99 6359 10283  70.8  447.0 7.0077 2156403 {923 3.0157
01/20/88 45.1 9.8 2893.9 84.1195 1.0 617.4 13,6792 £5.8  430.1 9.5305 2.038403  174.4 3.8642
02/04/88 38.9 8.8 3034.8 351.8663 1,02 578.3 9.8189 67.4 398.9 6.7733 2.07€+03  172.2 2.9241
02/23/88  134.5 9.5 2246.6 16.7080  1.03  457.9 3.4053  65.8  323.1 2.4025 2.03E403  138.1 1.0273
03/17/88 2.8 7.9 3524 30.0492 105 S47.B 6.6124 643 385.8- 4.6564 1.99%E+03  166.9 2.0148
04/07/88 453 9.7 1446.2 31,9009  1.02  296.1 6.5329  67.4  20.2 4.5917 2.07E+03  89.3 1.9697
P2 PRENIER

08/20/87 1450 7.2 4098.9 28.2589  1.05 6555 4.5190 643 450 3.1509 1.99E+03  197.1 1.3591
09/03/87 86.0 6.6 6008.2 £9.08636 1,08 912.4 10.5098 81.3  649.6 7.5535 1.91E403  76.7 3.7
03/17/81 1745 6.0 4545.6 26,0485  1.11  636.9 3.6501  S8.5 . 463.1 2.6538 L.B4EX0Z  200.5 L.1492
10/01/87  M.D. 6.4 4571.2 - .08 6721 - BL3 4195 - 191403 203.6 --
10/15/87  112.5 7.0 3545.2 31.5206  f.08  §74.2 5.1052 6.3 407.5  3.6232 1.91E+03  172.4 1.5325
1705181 191.1 6.6 3300.3 20.4100 1.08  593,6 3.1062 61.3  421.7 2.2067 1.91E403  171.5 0.9288
11719787 48.4 7.4 2283.4 47.1801 106 319.9 7.485 62.8  270.8 5.3%42 1.95€+03  114.9 2.3748
12/03/87 4.0 9.9 I511.7 20.4338 0.99  303.6 4.1038 70.8  211.2  2.8544 2.15E403 9.8 1.2406
12/22/81 “.3 1.2 1999.5 45.1436 0.97  465.7 10.5134 7.5 309.0 6.9760 2.19E403  134.8 3.0438
01/05/88  143.7 8.4 3433.7 23.8962 1.05  623.8 4.3411 64.3  447.7 3.1160 1.99E403  190.9 1.3284
01/20/88 .2 8.8 2622.4 81.5086 1,02 486.6 15.123%0 67.4  M25 10.6443 2.07€403  144.0 4.4758
02/04/88 46.8 9.7 3064.3 £5.5094 1.02  B33.7 13,5485 67.4 4411 9.4293 2.07E+03  189.8  4.0580
02/23/88 4.1 3.3 2081.5 48,3383 100 395.4  9.1836 69.1  281.0 6.5267 2.11E+03  112.3  2.6073
03/17/88  "104.6 8.8 2905.6 27.7838 1.02  33%.6 35.1598 67.4 379.4 3.6283 2.07e+03 - -
04/07/88 A.7 10.8 703.9 23.7070 0.96 146.0 4.9174 .3 102.0 3.4361 2.24E403 - -

TABLE 5.19 - Results of Henry's Law Comparison

Pl1, P2 Premier St.



. and higher than‘expected NH,
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underpred1ct1on in SOlUblllty

a In Matsqui Landf1ll this method overpred1cts NH -N gas by

3

an average range of 30 to 60 fold, when F8 Matsqui is not

f‘cohsidered.l FB Matsqui is a bit' of an anomaly,‘since it had'a__

very low ammonia (< 2.0=mg/L)‘leachate,-but Still‘exhibitedrhigh
3 o

NH3 N gases from hlgher ammonia areas of the»landfill

NH'—N indthe gas. This may be due to lateral migration of higher
- In Strlde Ave, much llke in F8 Matsqu1, thlS method
| oonslstently‘underpred1cts NH3—N concentrations by over 10 fold. |
Again,-these_samplinglwells exhibited'low'NH3-N leachate'Values
34N'gas.ualues;_ Even though'thls |
'dmethod st1ll underpred1cts Stride Ave. values,gif-approaches the '
»closest agreement of the four methods for pred1ct1ng Strlde Ave.
gas values. | ” | e
Because‘of-theveXtreme heterogeneous nature’of RiChmond
landfill this method grossly overpredlcts and underpred1cts NH3f

N gas concentrat1ons of up to 2600 and 25 respectlvely Some i

wells do show a relative agreement_w1th_H

¥ notably.Bs,,cé and

B.53 wells.
The ratlo in Premler St. landfill> showedla consiStent
overpredlctlon of NH3 N ‘gas concentratlons by 20 fold or greater.

R 5 6 2 2 MOLE FRACTION METHOD

As mentloned prev1ously, this method is.used mostuCOmmonly

for express1ng Henry s law by the below relatlonshlp
R
Where Pa

Pa/Xa (111)

It

Partial pressure of gas: .
above the aqueous solution (atm)
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b'-'Xa = Mole fraction_of chemical a
' in aqueous solution :

-Two sources_of Henry's law data were averaged_andbregressed
to'obtalnvanyequation used tojpredict Hzlat-a given temperature.
The resulting'regreSSion equation.has a % C.V. of 3v% and r? of
1 0.996236. Presentationnof'the data and regression3equation is
located in Appendix B.11. |

Potential inaccuracies and errors in this method may“be due
2.to"the following: - |

1. The large'variation (over‘30 %) betneen the literature
values coupled w1th the varlatlon in regre551on palameters may
"contr1bute s1gn1f1cantly to: error.

‘ - 2;. therature source constants were calculated from pure—
IWater measurements.’ | |

3. Roundoff errors from spreadsheet calculatlons.

The ratlos of predlcted Vs, measured for thlS technlque are

1
‘method agrees better with higher_NH3fN leachate wells and lesser

fgenerally aboutv3 times less than H ratlos-whlch.means.thls

with low NH3 N . sampl1ng wells.‘

5 6. 2 3. GIBBS FREE ENERGY METHOD

This method was adapted from Stumm and Morgan (1981) who
used standard entropy and enthalpy data to calculate the |
bequlllbrlum constant between the aqueous and gas phase. ThlS
entropy and enthalpy data are taken from-the thermodynamic.
411terature and corrected for temperature dependency

The bas1c exothermlc equ1l1br1um react1on between NH3|aq



'and'NH3|g can be estimated by‘first calculating the free energy .
change with the entropy (H) and enthalpy data (s) (equatlon

- (vi)) and subjectlng this to equatlon (v)‘:

H - TAS o (iv)

-AG® /RT . (v).

‘4Go_

‘1n Hé_ |
Where AG° is the Gibbs Free Energy
-An_example;of‘this method is listed in'Appendlx B.12.
.Potential errors‘in this method'can”result from the
followlng: | |

1. Stumm and Morgan quallfy in the1r dlSCUSSlOﬂ on thlS

method that the quallty of thermodynamlc data is "h1ghly

.'fvarlable" and they "do not clalm to have cr1t1cally selected the

'bbest data ava11able. All- data chosen ‘is valld at standard state
temp and pressure which may not be true 1n landfllls where
1nternal pressures do exceed 1 atm, - |
| 2.' The thermodynamlc data was aga1n-calculated u51n§ a
_dlst1lled water solutlon. - ,
‘The results in Tables 5.12 through 5, 19 1nd1cate H3 predlcts”
2 and 6-fold less<thanAH1. |
5.6.2.4. SOLUBILITY-EQUILIBRIUM METﬂdD.a"i. ! o

ratlos that are 2-fold less than H

The last method compared is used qulte=often‘in the dynamlc
modelllng of atmospherlc ammonla. The method used by thlS author
was adapted from the study by Hales and Drewes (1979) ThlS
constant 1is dlmen51onless and relates the molar1ty of both the
aqueous and gas phase 1n the below: equatlon-,

[NH3|aq]/[NH3|g]
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The constant is temperature dependent and was- regressed by

Hale and Drewes (1979) for 30 data pairs to obtain an expre551on
for calculatlng H4.4 ?hls equatlon has a C.V. ofn10 % and an r2”
was never documented. Hale anderewes (1979)'do‘mention that
errors in this equation can become eXCeSSive when dealing with
aqueous molaritles that are less than 10 9. Small concentrations'
of 0.1 N sulfuric acid were also. added to the ammonia solut1on to
determ1ne how NH3 N solub111ty changes w1th add1t1on of strong
acid (1e, simulating ac1d‘ra1n effects). The authors‘also . |
h:subjecteduthe'system to normal_atmospheric.leyels of CQZrto
‘measure.thelresponse Coz_had on‘H3. Thepregression:eguation‘and‘
a sample calculation ot“this method isvpreSented_ln Appendix.
RN | - o

| As expected-the errors of thislmethod are a,result of}
o 1. ﬁigh’c V. 'in‘the HenrY's conStantﬁeguation cou1d:result
~in- large variations, espec1ally in the very dllute solutlons.v‘
2.. Measurements were done in pure dlstllled water Whlch asi
_ mentloned before, is not 1nd1cat1ve of a leachate system. Also.
their measurements done w1th C02‘1nd1cate large changes 1n
solub111ty resultlng in much greater than pred1cted gas phase
NH3. Th1s will be dlscussed in more detall later.

| Inspectlon of the results in Tables 5 12 through 5. 19
1nd1cate that H4 further underpred1cts Str1de Ave. data whlle
agreeing more closely w1th some Rlchmond and Matsqu1 data.'3H4-'
also agrees qu1te favorably w1th Prem1er St data where ratios

are

are generally-less than 3.0. The ratios calculated by H,
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generally 2-fold less than H3krati05'and 12—fold less thaan1
ratios.

5.6.2.5. SUMMARY OF RESULTS

A table summarizing the major trends of the data presented
‘in ‘tables 5.12 through 5.19 is presented below-

TABLE 5 20 - Summary Matrix of the Average Range of
. Ratios (Predlcted/Measured) found-in each

landflll
LANDFILLS HENRY'S CONSTANTS
'MATSQUI 30-60 . 10-20 -  5-10  2.5-5.0
' STRIDE ~0.05-0.5 ~ ~ 0.02-2.0 =~ 0.01-0.1. 0.005-0.05 -
~ RICHMOND  0.3-100 0.1-35  0.05-20- - 0.025-10
PREMIER ST, 15-60 - 5-20 ~  2.5-10 - 1.3-5.0

H, = Corrected Vapor Pressure Method

H2"= Mole Fractlon Method ' |
: H3”= Gibbs Eree Energy.Methodd.b
'HA.ef801uhilitnyquilibriumdMethod‘

(Note- Values in matrlx are predlcted/measured NH3 N gas ratlos);h
. Inspectlon of Tables 5. 12 through 5 20 brlng up some )

1nterest1ng relatlonshlps between the dlfferent constants and

“‘landfllls that are ‘worth mentlonlng below-'v

'1; That documented Henry s constants are not appllcable to

: hlgh ammonia (> 250 mg/L NH —N) with h1gh pH s (>6 6)-and low

ammonia leachates (< 20 mg/L NH

3—N) that have Low pH s (<6. 2)
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Many sample wells that f1t under thlS label are ones that were
subjected to hlgh volume ra1n water ‘dilution of the1r leachate
In contrast Stride Ave. wells were not'suff1c1ently d11uted a
‘ st111 exh1b1ted con51stently low NH3 -N leachate pH throughout
8 month study perlod | Closest-agreement to a ratio of 1.0 in
>Str1de-Ave. ‘data resulted ‘vfrom_vthe‘H1 methOd‘that.still
'underpredicted'the ratio 10-fold. ’ | |

2. The calCulatediratios couid[be'subjected,notdonly to
errors already discussed in‘formuiating the.HenrY's constants
valso from the analytlcal varlablllty in the pPH and conduct1v1t
meters and ammonla dlstlllatlon t1trat10n technlque, wh1ch
'mdetermlnes the leachate NH3-N concentratlon. |
The‘results:of-thls study_agree favorably.with‘anothersst

vrecentiy done'by Stephens et al.'(]986) on volatile organics f

nd

the
but
y ‘ .

udy.u

rom

the BKK landfill in West Covina, Calif.. The ratios they found

- of predicted/measured concentrations ranged from 0.002 in vinyl -

chloride to 2.5 for benzene. Stephens et al. (1986) concluded’

that the discrepancy'0f'the'predicted/measured'vaerS'waS’due’

to -

one; dlsequ111br1um between the aqueous and gas phases make:‘

Henry s Law non- valld ‘or two- the low ratlo found in v1nyl fﬂ"

' chlorlde measurements are due to a greater productlon of v1nyl f

Itchlorlde (due to’ m1crob1al»degradatlon of-TCE,?) at a greater»
rate than the volatlllzatlon rate. The second cause is

‘7.quest10nab1e 51nce the volatlllzatlon rate of v1ny1 chlorlde i
lextremely hlgh | |

In summary, this author would use eXtreme caution in

s
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applying documented Henry's constants for‘predictlon of‘gas org
leachate values in a landfill environment. This author believes
the data‘support this conclusion. ;The main reason why.caution;
should be heeded results from the uncertainty of whether_or notha
'landfill'system-is in equilibrium between'the'agueous and_gas‘
phases, which'is the.fundamental.aSSUmption behlnd Henry'shlaw,:

If one would have to choose between the 4 differenthenry's
constants for: pred1ct1on of gas concentration in a landflll

env1ronment I would have to choose e1ther H the mole fractlon'~'

2
method or H4 the equlllbrlum solublllty method The main reason
behind this ch01ce is that.these constants-do havega reported

variation whereas the other two methods haVe‘uncertain'variation.

Also, both constants are the most. frequently used Other reasonS'

why H1 and H3 may be suspect stem from H 's gross overpred1ct1on_ -

of all h1gher NH3 N leachate wells and H 's assumptlon that the
standard free enerqy change occurs in a gas that behaves 1deally, -
wthh is somewhat suspect behav1or in a varled landflll gas

mlxture.

5 6 3 REASONS FOR DISCREPANCY IN PREDICTED/MEASURED RATIO

In add1t1on to the error- prone Henry S constants, there may.
be - other more 1mportant factors that contr1bute to this d1verg1ng‘

“ratlo of predlcted-vs. measured NH3—N gas values. These

'potentlal factors are dlscussed in more detail - below. '

'5 6 3.1. ANALYTICAL TECHNIQUE

The maln concern deallng Wlth uncerta1nty in the analytlcal

technique centers around the p0551ble error that low NH3-N gas -
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values may exhibit. These low vaers were often bordering‘close
to the detect1on 11m1t of the autonanalyzer. Also, the'larger
b-varlatlon 1n data for determ1natlon of the recovery eff1c1ency
is another major uncertalnty.

- Because the sampllng technlque did not pre fllter the gas,‘ ;
there could be apprec1able amounts of NH4 —conta1n1ng aerosols;
causing a positive rnterference in the determination of NH3—N
.gas. Even thoUgh I would assume thisAcontribution to be very‘
low, inspection of the results in Str1de ‘Ave. lead me to belleve -
this could be a substantial contributor to high measured values o
in StridevAve.{ |

- Lower;than expected NHé—N gas values in Matsqui, Richmond;
and Premier St. may. one, ‘due to signal suppre551on in theiat
.autoanalyzer.by 1nterferences or two; effects of hlgh CO2
‘concentratlons that may form a volatlle complex w1th ammonia: that
is subseqently not adsorbed 1nto the bor1c ac1d solutlon._‘v

Another potentlal major source of error contrlbuted by the
-analyt1cal procedure is var1at1on of pH results. Slnce the |
vfractlon of unlonlzed fractlon of ammonla is dependent on the
~;hydrogen ion concentratlon,'accuracy of the PH. meter is a must
In calculations done by Thurston et al. (1974) it'can be observed
that - a pH increase of 0 5 un1ts w1ll subsequently'1ncrease‘the.’
?fractlon of unlon1zed fractlon of ammoria by over: 3-fold,l'This
m3-fold 1ncreasev1n the unlonlzed'ammonla fraction can be
-translated 1nto a 3-fold 1ncrease in NH3—N gas concentratlon lf

the system is at equ111br1um. :
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5.6.3.2. LANDFILL UNSATURATED ZONE

The values of leachate PH, total ammonia and specific
conductivity may not be indicative of.the whole landfiil‘since'
their values may differ COnsiderahly_from those found in,the
.Hunsaturated zone. o | . o

In most instances w1thout ralnfall dllutlon, the
concentrations of leachate in the unsaturated refuse.pores will‘
~ exceed concentrations found in the unsaturated ZOne;'jThis'may
‘be especiaily-true in the dryer'months_of thisbstudy, where.the
.highest.NHB—N concentrations were’measured.

In addltlon to greater mass concentratlons found 1n the
unsaturated zone, there is . also a greater effectlve surface area
:avallable for mass transfer 1nto the gas phase than the pseudo—g
planar area avallable for mass transfer from the saturated zone.7

AFor 1nstance,»1n a hypothet;cal 1andflll 25 ha in area w1th
a planar water table 10 mhbeiow.the bottom of the landfill
‘COver,_therehwould be,an:effective area,for nassptransferrof
© 25,000 m® assuming the.iandfiil.had an air4ffiled pétosity of
0.10. In contrast the unsaturated zone would have an%
'Vhypothetlcal effectlve area avallable for mass transfer of
250 000 m2. ThlS flgure is roughly 10, tlmes the area avallable
for gas phase mass transfer in the saturated zone. Both of these
values w1ll become less durlng active ralnfall perlods 91nce the
air- fllled por051ty may decrease. A

ThlS 51mp11f1ed example 1nd1cates that the deeper thev

}landflll watervtable, the-greater contrlbutlon exrsts ;n-the_’
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~ unsaturated zone for NH,-N gas generation.

5.6.3.3. VOLUME DILUTION EFFECT?

Not much is known about the”possible nass dilution oprH3-N‘
gas coneentrations fromrefflcient methane}and oarbon_dioxide
production; This dilutiOnbcould Qery well be'a major.reason :
for lower than: predlcted gas values from some wells in Matsqu1
and R1chmond, 51nce their CH and CO

4 2
muoh greater than -Stride Ave. fluxes.

fluxes were found to be

An example of this mass. or volume-dilution phenomenon is to .
look at a slab of refuse 10'm X' 10 m X 1 m that exists in a:'
'Vcompletely anaeroblc landflll env1ronment w1th ‘a den51ty of 700

kg/m ThlS slab 1s sub]ected to an average CH4

of 25 mL CH /kg of refuse per day that translates 1nto a CH4:ig'

productlon rate in the slab of 1750 L CH /slab day.
Mass transfer of ammon1a outwards from the slab can be

estimated by us;ng.the commonrdlffusron_equatlon below:

o Flux”NH3—N = (D/L) * (c - C )

thS apparent dlffu51on coefflcent taken .as. O 025
cm /s from Gardner (1966) : :

~ Where D

S
.II

the llqu1d gas fllm thlckness taken as 0 01 ¢mf>j

]

1 concentratlon in llqu1d (ug/cm )

n

.concentratlon in gas phase (ug/cm y
If cl. is 1.0 ug/cm (1e, 1 ppm) and Cg 1s small enough to
‘vneglect then-

Flux NH,-N 25 000 ug/m —day or 0.25 gm/slab day

3

- Flux NH;-N = 0.33 L NH /slab day

So the resultsdindlcate a volume dilution of ammonia gas to

generatlon'rate""
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be over 5000 fold in thlS s1mpllf1ed case. ThlS ‘is quite
substantlal when one observes that dilution due to CO2 gas
’productlon was not considered in thls estlmatlon.
Low gas production rates causing-a lesser'dilution oould
“explainVWhy.the measured NH3FN gas values‘are‘hlgherhthan:‘
'expected'in Stride'AVe; Conversely, one would expect to sees
Premier St.,landfill gas data behave much like Stride Ave. since
both have‘low gas fluxes. However,_mhen studying the ratios, |
;‘Premier St. was observed to exhibit much'greater than measured
values in most 1nstances.» The reason may not be solely due to
thgh relatlve pPH or NH3 N leachate values, but maybe also. due to
"volumetr1c d1lutlon from the gas extractlon system pulllng
.atmospherlc alr 1nto the system. 1 ThlS could be espec1ally
'apparent in the winter months as ev1denced by CH percentages in
-wells P and P2, o ' | »

*5 6 3.4, LANDFILL HETEROGENIETIES

; Because leachate in a sample well: 1s only a p01nt source of.

I_data, 1t may not be representat1ve of the surroundlng leachate -

u‘due to landflll heterogenltles. ThlS-lS espec1ally true ln'

;iR1chmond and Matsqu1 landf1lls where large spatlal d1fferences in
leachate ammonla values are apparent

Another point of'concern is the.effects of lateral gas
»mlgratlon help1ng to g1ve erroneous results of NH3 N gas
‘concentratlons not 1nd1cat1ve of its correspond1ng leachate. 'As
already mentloned thlS could be the case in F8 Matsqu1. |

5.6.3.5.v NON- EQUILIBRIUM LANDFILL ENVIRONMENT
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h The landfill is a dynamic environment that responds to

internal and'external.perturhances. However, it could be a
question of whether or nottthe landfill can ever establish an
equ111br1um between the aqueous and gas phases since the gaseous
.and liquid env1ronments are forever fluctuat1ng Some factors
4that can prevent the landfill from reach1ng an- equ111br1um state
- are noted below:

1. Large fluxes of blogas belng generated that vary ‘both
temporally and spatlally

2.'rInternal landfill pressures that exceed standard

1 atmospherlc cond1t1ons.g_ |
3. Large and var1ed prec1p1tat1on fluxes observed durlng
the ra1ny season caus1ng chemlcal and b1ologlcal
: changes. | ~

Other than these factors there are—some ammonla spec1f1c
factors that may cause non- equ111br1um.v These are l1sted below~

. 1. The production rate of ammonia 1s much greater than the
volatlllzatlon or gas transfer rate, cau51ng an accumulatlon of d
B unlonlzed ammon1a in the leachate.fiIf thlS’lS true, then N
”equ111bratlon of the system is probably dlffu51on rate llmlted
d since there ex1sts ‘an ample concentratlon grad1ent avallable for
- mass transfer.‘
2, Initial elevated concentratlons of ammonia- ‘in. the
',leachate ‘have not volat111zed to equ111br1um. 4If true, the .
comblnat1on of pt. #1_v1th‘th1s mechanlsm'would leave_a:much:'

greater fraction ofiNH3|aq invthe leachate than would normally be
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predicted by Henry's Law.

5.6.3.6. MASS TRANSFER LIMITATIONS -

- There are other factors thatnlimit the diffusion rate andr
subsequent equ111br1um of the aqueous and gas phases such as the
‘chemical nature of the leachate. | |

Leachate 1on1c strength has been found to.decrease the
effective liquid dlffusion rate 1n.exper1ments-byvRatcliff.and
Holdcroft'(1963)_(in Reid‘and Sherwood, 1966). ‘They found that
the diffusion coefficient of CO, gas in solutionjdecreasés_'
1inerlj with‘aniinCrease in'salt COncentration.' This phenomenon
could also conceivably occur w1th NH3 ‘in solution 51nce both
‘gases are soluble non- electrolytes and behave somewhat alike'in
solution.‘ | | | | S

: Another factor that could be substantial in attenuating the
. diffusion rate is the addition of thin 011_films surrounding.the
fliquid thin film.that could conceivably cause’a weak barrier‘to
NH3-N transfer into the gas phase This would espec1ally be
-apparent in leachate that con51sts of less dense 1nsoluble '
; .organics that float above the leachate at the saturated—”
.unsaturated 1nterface caucing a barrier to mass transfer.v:Thish
'effect has been modeled in surface 1mpoundments by 1nclud1ng a
 mass transfer coeff1c1ent for the 01l f11m (see Ehrenfeld 1986).

5.6.3.7. SOLUBILITY OF AMMONIA

' Other‘than-sampling and performing_the'analytical'work, a
‘large amount of time in this study was spent trYing.to explain

this apparent discrepancy between the predicted/measured NHé—N
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concentrations. Most of the efforts focused on understanding
the solubility dynamics of ammonia in non-pure solutions such as
leachate. | | . |

" The major factors that effect ammonia solubility’include:‘
ionic strength' pPH,. pressure, temperature aud saliuity'of.the
.solutiOn. ~In the spreadsheet calculatlons for est1mat1ng the
unionized fractlon of NH3 N in SOlUthﬂ effects from
temperature, pH and 1on1c.strength were corrected in the
calculations. ASalinity'was not considered to be a large problem-f
since ionicbstrength ihcludes_any effects of Salinity (see
_,_whitfield, 1974). Ionic strengthvwas‘convertedvto actiVity
coefficiehts (see Appendix B.4) to correct'for a non ideal
solution. Pressure_Was assumed to be 1 atm which-iseclose_tol,f
.correct. 'The“unionized fraction was then converted into the
proper units for calculatlon of- the predlcted NH3-N in gas.

~ How much of this unionized fractlon (NH3[aq) may be removedh

A-from solutlon by chem1cal reactlons is a mystery : Slnce most
unlonlzed NH3 N values are already at low concentratlons (< m,OV
'mg/L), accumulatlon of certaln compounds capable of reactlng w1th
NH3}aq may result 1n removal of a portlon of NH3 N]aq. In_thls
:fscenarlo, it is assummed that the rate of removal‘exceedsjthef»’
rate of formatlon due to. equ111br1um shlfts.,‘Possible chemiCalu
'reactlons that could occur ‘in.a landflll leachate to remove
NH3|aq 1nclude the follow1ng- | . | o

1. Complexatlon of‘NH3.with.other'compounds'that covalentlytf

share the unpaired electrons of”the hitrogeh atom~of'NH3
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reaction is commonly calied an addition reaction (NRC, 1979).
- The types of compound available for thisvreaction are some'metala
such as copper and zinc where valuee.of over 1.0 ng/L may occur;
The addition reaction'of Cu‘with"NH3 is shown below:

++

Cu + 4NH, ----> Cu’ (NH )

3

2. A substitution reaction of NH3 with organics to form'an
amlde group. This is commonly referred tojas'"ammonoiysiS" and
‘is 51m11ar to a hydroly51s reactlon. Two reactlons are shown
below that tie up 2’moles of NH3 whlle releasing a protonated
ammonium ion:

a. Reactlon w/mercurlc chlorlde (NRC 1979) -

2NH3 + HgCl, ----> c1” +;NH4+-+ C1HgNH,

b. Reactlon w/ac1d chlorldes (Brown‘WrH;, 198 )
3 TTTT> Acetamide +'NH4+.¥.C1—
'Both chemlcal reactions’ could become common in landfllls

Acetyl chloride + 2NH

: llke R1chmond where leachate contains an abundance of
chlorlnated organics and chlorlne compounds.;

3. Complex1ng of the methane molecule with the ammonla
'gmolecule to form the soluble methyl ammonlum ion (CH3NH4 ).
jEven though methane 1s usually non- reactlve w1th compounds at
"standard-state condltlons, there could-be enough random

occurrances where methane bonds. with ammonla to- prov1de a
- substantial removal mechanlsm of NH |aq avallable for transfer
into the gas phase._'. »

4, In additibnhto methanefcompieking, there may be an

opposite reaction occurring'between”CO2 and NH3 that 1nstead of
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‘complexing ammonia in'solution,‘may strip it out of solution.
This reaction»is’the*cOmpleiing of‘CO2 and'NHé to.form.a
volatile compound called Carbamic acid. 'This carbamic acid may‘.
be volatile enoughhto pass»through the boric acid solution:
without being adsorbed causing.analyticai‘problems as well.

, With;this in mind, the"effectvof high Cozhpercentages may
be a reason why large~differences exist in ratios between |
‘ predicted'vs.'measured NH;-N ineRichmond and Stride Ave
| landfills. -in Richmond ‘Coz‘%hcan exceed 40_% while. the measured
values are much lower than predlcted in contrast Str1de Ave.
“has CO2 % generally less than 20 %,and a. much hlgher ratlo of
measured versus predlcted NH3 N gas concentratlons.- So- in
lechmond landflll there may be' a substantlal removal mechanlsm
of NH3|aq by hlgh Coz'concentrat;ons. |

5. 6. 3 8. LANDFILL SINKS

In addltlon to chemlcal 51nks located w1th1n the leachate,'

‘there are a number of other 51nks that could help cause thlS

| dlscrepancy between predlcted and measured NH3 N concentratlons.:
”_.These are llsted brlefly below';‘: | |

| mll.‘ Adsorptlon of NH3|g onto landflll refuse materlal or
_5011 w1th1n the landflll The rate at whlch thlS can happen is a
‘functlon of it's adsortlon 1sotherm (Fruedllch 1sotherm) _Thls :
adsortlon of NH3 is especially pos51ble 1n;more alkallne‘landfill_
.7env1ronments. s S ‘ |
_2.3 Assumlng the unsaturated zone is not a prlmary source of'

ammonia then NH3|g can be resolubllzed in the unsaturated zone
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fluid to NH |aq and reprotonated to NH4 . This»'NI.—I4+ can be
further utlllzed by m1crob1al activity or more likely, exchanged
‘onto collo1ds in solut1on or SOlld landflll substrate. As
mentioned prev1ously, excessive ra1nfall-1nf11trat10n can create.
a wettlng front that m1grates downward in the. landfill
_resolub111z1ng and reprotonatlng NH3 N gas due to 1t s relatlvely
lower pH.

3. Resolubllization into the acidic gas condensate that
exists’inSide‘the well casing.. i | N

5.7 MASS FLUX EMISSION OF NH3-N GAS

5.7.1. INTRODUCTION

One‘of the-original goals of thls thesis‘was.to get'an,idea
'.of.how much, lif»any, nitrogen in the form of NH3—N1Was'bein9'
emitted through the gas phase. In the follow1ng sectlon,_data is
fpresented that estlmates the mass flux of NH3—N through two of °
the four study landfllls. ThlS estlmatlon was’ calculated by a.
‘-s1mp11f1ed model used until th1s t1me exculs1vely for modelllng

of organlc flux emissions from covered landf1lls. The resu1t1ng

i mass fluxes are then later compared to est1mated fluxes of NH3 Njf.'

Cin. the leachate.

The model vas or1g1nally concelved by Farmer et al (1981)-f
to study the emlss1on rates of hexachlorobenzene by dlffu51on
through the landflll cover soil. Th1bodeaux (1981) mod1f1ed thlS
"pmodel to 1nclude the affects of convective transport through the

”landflll cover. He ver1f1ed Farmer s hexachlorobenzene results

. w1th convectlon flow and also s1mulated the em1551on fluxes of
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four other organic chemicals,vnamely benzene, chloroform,-vinyl
chloride andfPCB (Aroclor 1248). Thibodeaux then modified his
own work in i982 by simu1ating the'emisSion fluxes‘of benzene by
1nclud1ng the barometrlc pressure pumplng effect found in ‘'some
landfllls The 51mu1atlon was carrled out by u51ng the IBM CSMP
(Continuous_Systems Modelling Program) over various time steps.

The assumptions, limitations and detailed aspects of.these
models are discussed in more detail later in the chapter.“

Modelllng ammonla gas fluxes in soils has mostly been done
in the agr1cultural sector concernlng feedlot em1551ons and
;fertrl1zer‘appllcatlons. Unfortunately, the majorlty of this
work'is,site specificrand;empiricalrb

5.7.2. MODEL INTRODUCTION

S.?.z.i.:rFARMER'simonEL

-In Farmers model, -he assUmed thatfthe hexachlorohenzene‘j
wastes were transported through the cover by dlffu51on only, and |
;that th1s dlffu51on obeyed F1ck s Flrst Law of D1ffu51on.1'
'Because the porous medla had an. effect on- the dlffu51on path
'length the reference dlffu51on coeff1c1ent (Do) was multlplled,j,

"by a por051ty factor to the 4/3rd ThlS model is- shown below'

J (M/(L -T) (De/L)*(Cs - C2) _ -(vi)

1.33

Where‘De Do*Pa (v11)

| B

Where J is the gas flux usually in gm/m day _
‘Do is the diffusion coefficient in air in m“/day
De is the effective diffusion coefficient in m /day
Pa is Air-filled porosity - C
Cs is saturated vapor concentration in gm/m ff 3
C2 is vapor concentration-at landfill surface in: gm/m
L is thlckness of landflll cover in m
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_The effective-diffusion equation (vii) was taken from Parton
(1981) for'describing‘diffusion of ammonia gas through'soils;l

5.7.2.2. THIBODEAUX'S MODEL

In a slight.modification‘tofFarmer's model, Thibodeaux'added.
afprcductftermfto the diffusion equation that_accounted_for flow
‘due to cpnvection created from internal landfill gas generation.
This equation - is llsted below. Specifics of how equatlon,(ix)

was derived are presented in Appendix Bv14.

N o= (De/L)*(Ca ~C,)* (Rexp(R))  ~  (ix)
’ (exp(R)—l) - : -

_ Where N'is gas flux from landflll surface usually in
‘ _ gm/m -day : -

Where Ca is concentratlon of compound a (gm/m ) :
.C2-1s concentration of- a at the landfill surface

Where R = L*v/De) . - n o h_‘_(x):lh_’
Where L-is landf1ll cover’ th1ckness in m

" v is landfill cover gas velocity: (1e,‘not Darc1an~
veloc1ty) ‘in m/day

' The (Rexp(R)) is referred by thlS author as the G factor,-'
(exp(R)—1) ' T _ .

»whlch is a multlplylng factor descrlblng the flux due to“
.convectlon flow relat1ve of the . flux due to d1ffu51on.‘ Th1s‘:f'
17,factor has. been called the landf1ll gas enhancement factor by

-Baker and Mackay (1985) - This factor increases w1th-greater

: _,landflll gas product1on,vand as found in thlS study and other

l1terature, the factor can exceed 6.0 for a normal landfill
-environment
In reallty, equat1on (ix) is the same as Farmer s model

i equat1on (v1) except it is mult1pl1ed by the G- factor. .80 the
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'relatlve d1fferences between Farmer's and Thlbodeaux s model is
that Farmer's model only solves for systems w1thout gas.'
:generatlon where dlfoSlOﬂ is the controll1ng transport process,-
wh1le Thlbodeaux s model is a comb1ned dlffu51on convectlon flux
model o

5.7.2.3. ASSUMPTIONS FOR MODELS

A. Assume gas phase is saturated with respect to the
compoUnd'ln quest1on._

B. Thibodeaux model assumes Steady,state diffusional and
convective transport' | | | | o

f~C,f Thlbodeaux model assumes 1nf1n1te source ofbgenerated
; gas exists. at elevated pressures ]USt under the base of the
ylandflll cover.

‘D. Thlbodeaux model used assumes a. constant.landflll gasit
‘productlon;rate_and-no_bu1ld—up.of 1nternal landfill gan |
pressures.' | | | | |

| E. Assumes gas is behav1ng in a unldlrectlonal flow w1th.v_
fnegllglble reactlon of the compound whlle be1ng transported
| ‘fF.; All d1ffu51on re51stance is in the so1l and none in the.
air boundary layer at the surface of the landflll cover.ir

G. Thermal gradlents are assumed to have no effect on the

- flux rate.

H. No adsorptlon, degradatlon or chem1ca1 exchange 1s
assumed to occur in the cover 5011
j'1. Model is solved for a s1ngle celled landf111 w1th the

‘proper boundary condltlons.
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5.7.2.4. LIMITATIONS TO MODEL

When dealing w1th an 1norgan1c reactlve molecular species
iike ammonla, there are some overlylng llmltatlons to applylng a
_model.that has only’been tested on organic vapors,: Some of these-
iimitations.are listed_below:_. |
Ar' Baker‘and’Mackay (1985) mention in their evaiuation of
surface emission models, that the»Thibodeaux'model‘is unsolvable
for organic'chemicals with'vapor pressures’greater than 1 atm.
In many respects the vapor pressure of ammonia exceeds 1 atm, but
_because of the non- ideal nature of the solutlon and gas,.this
vapor pressure is probably much less than 1 atm..v |
- B.. Model only accounts for ‘one- d1men51onal vertlcal
-.movement of gas and does not take 1nto account lateral em1551ons‘
.of gas in area flll type landfllls (1e, R1chmond)
C.- Model does not take into account any thermal
» contributlon to convectlon.flow;and temperature_dependence of'the
' dlffu51on coeff1c1ent | N o .
One must assume that the NH3 N concentratlons measured-
are reflectant of the concentratlon at the base of the landflllv
cover, thlS may not always be the case.v |
F'E. Assumes the gas component to be 1nstaneously mlxed and
dlspersed once at the landflll surface, so the concentratlon of

‘ C2 is essentlally zero.‘ Because NH -N is ub1qu1tous in the

3
“atmosphere, I d1d not assume thlS to be zero, but 1nstead assumed
Cé topbe 20 ug/mv, which is a common concentration found‘;n thep

atmosphere around urban areas. ]There could be'large.
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uncertainties 1n this assumption.

'F. Model does not take into account any dlffu51on transport
to the surface by liquid in the soil pores.> Because the
»diffusion coefficients are much‘less in water than gas, this was
assumed to be negligible. However,vthis could become an
important mode of transport when the cover is water logged during
high precipitation periods. | |
| g. Model does not take into account any build-up of
_1nternal landflll gas pressure due to internal gas productlon.
‘The updated 1982 model by Thlbodeaux does account for 1nternal
‘pressure bulld-up;and it! s.derlvatlon 1s_also,llsted 1n»Append1x
B 14, | | | .

-5 7'3 MODEL RESULTS OF LANDFILL NH3- N GAS FLUXES

5 7 3. INTRODUCTION
Input parameters common’ to both Farmer and Thlbodeaux s
,models are : ‘total and air- fllled por051ty, reference dlffu51on
'coefficient, landfill cover th1ckness and concentratlon of NH3 N
‘ gaS‘at7base of landflll cover. Addltlonal 1nput parameters for
Thlbodeaux s model 1nclude :-refuse den51ty, thlckneSS'of refuse :
7r111 and gas generatlon rate; These three parameters are |
comblned with por051ty to get an 1nternal gas veloc1ty wh1ch is
thenlsubjected to a calculatlon to get R. Once R 1s found then_
the G—factor is easilyicaiculated .Sample calculatlons for this
procedure is llsted 1n Append1x B. S S All calculatlons were -
'idone u51ng a LOTUS 1-2-3 spreadsheet |

‘premier St. landfill was not 1ncluded in'thedmodel_runs
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since the sample wells,_P1 and p2 were located 1n an area whose
surface was just a fraction of the landfill surface. Also, the
cover characteristics atlthis landfill were very heterogeneous
and never fully understood ) Matsqu1 Landf111 was not 1ncluded in -
the model runs: because no documented leachate flux data of thlS
landfill was avallable,

The standardlparameters_used'for calculating-gas-fluxes of
 ammonia were'considered_to be representative of that.particular"
landfill,'through preulous documentation or'from direct
b.obserVation'in this study .'For example,-ifvone”looks‘at-fable'
5 21 wh1ch lists all the parameters chosen,‘one notlces a“large
-adlfference in 1nternal gas generat1on ratesgbetween-Stride:Ave.'

and R1chmond Landflll' -ThlS 1s malnly due to: the assumpt1on made
.already that Strlde Ave has very low gas- generatlon capac1ty
mostly a result of 1t s advanced age.v R1chmond is much younger
- and exh1b1ts gas values much closer to. documented gas productlon;
‘rates in'landfills of a comparable,age,v ._ |
"The"referencehgas diffuslon coefficient-of NH; 1n a landflll:

‘gas m1xture was chosen at 750 m /day for the three reasons

".mentloned below--

1;. B1nary gas coeff1c1ents for all major landflll gases are
_in-the rangevof 1. 25 to 2 00 m /day F1nd1kak;svand Leckley |
979). | | - g S
| 2. ’:A Do of 1. 987 m /day was reported in Re1d and Sherwood
(1966) for the N2 NH, binary system._-. - |

:«3.: A_Do of 1. 598 m /day was ment1oned 1n Parton (1981) as
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being a representative diffusion,coefficient of NH, in soils.->

TABLE 5.21 - Standard Values Used For Modelling NH.-N Gas

Emissions From Landfills. 3

Parameter Stride Ave. Richmond
Diffusion 1.750 m%/day 1.750 -
.coefficient . - - :
Total’Pordsity ' 0.30 » o 0.50
Air-filled 0.20 0,40
porosity ' . S
Landfill cover ~ 2.0m . - . 1.5
Thickness ‘ - S S
Internal Gas ~ .0.0i728 m/day * - - 0.59962
Velocity s B E
- Gas’ Production . 5.0 »ff;‘ o lf*j” . 40.0°
Rate (mL/kg- day) U C S |
Refuse Density ;l;537}0 kg/m> . .600.0
Landfill Depth =~ 14.00m  10.0
Landfill Area - 80,000’m2», 3 200,000 ”

The source for the leachate flux data was Atwater (1980)
‘whlch glves rellable est1mat10ns of ammon1a mass- flux through the.
.aqueous leachate phase for both Str1de Ave. and Rlchmond o
Landfllls. N N

- To calculate the mass flux per landflll per year,.it was
2

"h'assumed.the surface area at Str1de Ave. to be 80 000 m™, whilep'

assumihg:thebstudy surface area of;200 000 m2*1n Rlchmond

Landfill To calculate an annual NH3—N em1551on flux, the NH3 N'

‘gas concentratlon values were averaged for each 1andf111 to get
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an awerage:yearlbeH3—N gas‘ooncentration. The average
concentrations found we_re'1.98.3vug/m3 for Stride Ave. and 92.8
ug/n3 for Richmond,Landfill.iThese values were then inputed into
Thibodeaux's‘model to anfawerage daily flux of NH3?N.gas; This d
dally flux was multlplled by the landflll ‘surface area and
multiplied by 365 days to get the average annual flux of NH3 N,
gas. Flux values for both landfllls are l1sted below in Table
5.22, 1In these calculatlons it is assumed that R1chmond Landflll;
is a statlc system and gas extractlon through ‘the well system is

“not- tak;ng_place.

5{7.3.2,‘DiSCUSSION:0F RESULTS

hThejresults indioate‘thatlin bothflandfills,lthe‘annual'v'
‘Y_NHj—N~fluxes are wery small.. Invreality,“this value cOUld be
._mUCh less if.the model would have aocounted_for adSOrptionjand;
: c0nSum§tionaof.NH3QN through the landfilldcab.' The results also;
indicate how_much;the flux is due to. convection in_Richnond._i |
handfill versus StrideTAwe 'héhls is-mainly'due;to:Strlde Ave.

- gas flows be1ng olffu51on domlnated due to it' s'low gas
productlon rates and thlck 1andf1ll cover .;The_thlck landflll

.icover helps to slow down d1ffu51on because of a lengthened

dlffu51on path
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' TABLE 5. 22 - Compar1ng Annual NH3 N Gas Mass Fluxes For'n
' Both Landfllls. :

- Landfill CONVECTION & DIFFUSION : DIFFUSION ONLY .
o - ‘ ‘Daily Flux. Annual. - Daily Flux Annual
(ug/m2-day) (kg/yr) (ug/m2 day) (kg/yr)

Stride ave 19,9 0.582 18.3. . 0.536
Richmond =~ - . 52.9  3.862. 25,1 1.832

Results compar1ng fluxes from the documented est1mat1ons of.
_NI-I3 N flux in the leachate ‘are shown below in Table 5,23, ~All
results are reported in kg/yr. 'To;calculate the proport1on~of.f
1rflux of NH3—N in leachate from‘the RlChmond study Slte;.it was v
"assumed that the 20 ha 51te contrlbuted to 1/5 of the total mass‘
1of ammon1a leached The total mass leached per year was 82 125'
kg NH N/yr (Atwater, 1980),_50 the total mass flux from the.u-"
'.study site totaled 16 425 kg/yr. . - G

TABLE 5.23 - Compar1son between Gas and Leachate Annual
, : Fluxes of NH.-N, Both Landfllls.

3
| Gas'Values-'; Leachate: Value o ‘Percent of
kg/yr) S (Atwater,‘1980) - leachate mass flux:v
"Richmond | 3,862,'vg,5";»'16,425 kg/yr . 0.024 -
- Stride  0.582 1,975 . - 0,029

Ave,

The results 1nd1cate a very small fractlon of NH3—N belng
glost through the gas phase.' Less than 3/100 th of 1;percent of .

the leachate ammonia fluxes for both Str1de Ave. and Richmond_<
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Landfills,e Asdmentioned before, these‘values are probablyhthe.
maximum flux obtainable,,since the model does not account for.any'
_adsbrption or consumptionfof ammonia before it reaches the

surface of the landf111

5.7.3.3. COMPARISON OF MODEL RESULTS WITH GAS GENERATION

MASS BALANCE RESULTS

Slnce there are many 11m1tatlons and assumptaons to
Thibodeaux' sumodel;'a;comparlson was made»between the.model*N
results and a.simple gas,generation mass baiance model. This.
comoarison wasvdone to'check the validity'ofmthe Thibodeaux.f"
model results - o |
| The gas generatlon mass balance model assumes that a coveredh

. landflll produces a certaln f1n1te mass of gas (1e,lCH 'CO

4r =727
etc. ) at a glven rate throughout the landfllled refuse.: Allh o
.thls gaS'producedlls then emltted through the 1andf1ll cover.' A
»gas generatlon rate can be 1nferred from the llterature,'or be
'estlmated from extraction. well pumplng rates, Wthh was
‘prev1ouslyudlscussed~1n Chapter-z The assumptlonS'for the:mass
(Ebalance model are llsted below for the Rlchmond Landflll case°"'
| NT;: Assume gas extractlon is recoverlng all of the"
m1croblolog1cally generated gas. :'
2. Assume negllglble a1r 1ntru51on durlng extractlon.=‘
3. - Assume the same average ammonia concentratlon (92 8
Tug/m ) in the generated gas as used in Th1bodeaux model

,calculatlons.

4, Assume all generated gas is mlgratlng vertlcally through"'
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the landfill»cover and that none of the gas is be1ng removed
-v1a the bottom of the landflll or by the leachate.
5. Assume a gas extract1onipump1ng rate of 725 CFMf(20;5
o m3/min) for the study area at‘Richhond Landfill'(E{H. Hanson &
'Associates, l988)' o | : | |
. 6. Assume ‘no b1ologlcal 51nk of the generated gas before
leav1ng the surface of the landfill.
With these assumpt1ons 1n’m1nd,_the~results for NH3TN mass
,emitted due’solely to gas,prOduction'at Richmond Landfill is
llsted in,fable'5.24., Details'of the calculation can be found in. .
l:Appendlx B. 16. B | | | | |
In addltlon, a calculatlon is included to check the gas
productlon rate used in the model run. w1th the gas product1on
rate calculated for the mass balance model Th1s ‘mass balance |
tproduct1on rate was calculated from the R1chmond Landf1ll pumplng~
extractlon rate (1e, 20.5 m /mln) The f1nal comparlson
1nd1cates that the gas productlon rate of 40 ml/kg day used for
:R1chmond Landflll was not in error, 51nce the pumplng gas
'product1on rate calculat1on is at least 24 6 ml/kg day when
;assumlng 100/ pumped recovery of any generated gas." | |
~Since pumplng extractlon rates were not avallable for Strlde
ldAve ‘a gas product1on rate of the same 5 ml/kg day for the model»
rrun was used in the mass balance calculat1on. ' |
| Results of comparlng the flux for the Thlbodeaux model and

mass balance models are: l1sted below in Table 5.24:



199

TABLE '5.24 - Comparison of Model Versus Mass Balance Flux
Calculations. _

» Landflll Model Flux Mass Balance Flux  Difference
: (kg/yr) : (kg/yr) .
Stride Ave.  0.582 ©0.192 .- 3-fold.
Richmond .~ 3.862 . 1.000 - 3.8-fold

The resultsvindicate at least a 3;fold difference existsh
‘, between the nodel and'mass'balance calculations."ﬁoWever, this
,difference‘is probably less.since the assumption'of 1006

extraction of generated gas is 1mp0551ble to achleve. In fact,
,»as stated in Chapter 2 Pacey est1mates that only 10 to 50
percent of the theoretlcal gas produced w1ll be extracted (Boyle,
‘1976) If thls 1s the case, then the calculated flux us1ng-the
gas generatlon mass balance w1ll 1ncrease proportlonally with a
decreasé in gas extract1on eff1c1ency If thlS_lS true, thenvthe"u
two model results may agree qu1te favorably. - |

5 7. 3 4 SUMMARY OF RESULTS

The results of the f1rst order- mass flux approxlmatlons-_d
1nd1cate that ammonla gas emlss1ons are not a 51gn1f1cant port1onh
(<0. 036) of the ammonia fluxes apparent in landflll leachate.f f
Therefore, these results 1nd1cate that when est1mat1ng an overall_
ammonla or nltrogen balance on these landfllls, one can. neglect _
the ammonia lost through the gas em1551on phase.' Also,'the.
results 1nd1cate that ammonia is not a substantlal contrlbutor tox

landfill gas contamlnated air around covered landf1lls.
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CHAPTER 6

6. CONCLUSIONS AND RECOMMENDATIONS

The analytical technique used for measuring ammonia from
landfill gas was the wet-chemical automated phenate technique.
Samples were collected in the field by pumping unfiltered
landfill gas through a boric acid trap at a flow of around 6.0
L/min. Problems encountered wi;h this technique include sample
contamination of particulate matter during handling of samples,
condensate build-up in sample tubing, and negative interferences
from the landfill gas affecting both the accuracy of the
sampling and analytical method.

Detection- limit of the analytical technique was found to be
about 0.03 mg/L of NH,-N. This value translates into a detection
limit of arouné 10 ug NH3/m3 of landfill gas under normal
sampling conditions. _

The sampling technique was proven to be deficient in
épproaching a quantitative recovery of NH3-N gas. Laboratory
results. suggest a recovery efficiency of about 50 % to be
accurate in a landfill gas environment. This recovery efficiency
was expectéd due to a combination of high pumping flows and

already low concentrations of NH,-N in the landfill gas.

3
Since this ammonia gas sampling and analysis technique

exceeded all the criteria stated in the study objectives (ie,

fast, inexpensive, simple to use), this author can conclude that

this technique is a valid method for detection and measurement of

ammonia in landfill gas. However, one should be cautious when
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.lnterpreting the data analyzedHfrom'this method slnce,the'
accuracy may be hampered by'the high humldity andgsoluble
negative 1nterferences apparent in landf1ll gas. : |

"The greatest NH,~N in leachate and gas was found in Matsqu1

3
'flandfill where.gas values of»up’to 650_ppb and leachate.values
“of over'2000 mg/L were detected. NH3-N'gas'concentrations were
con51stently lowest in Rlchmond Landflll wh11e leachate values’
‘ranged from. 10 ‘to 500 mg/L Premler St. had falrly cons1stent

'leachate NH,-N and: pH values of around 200 mg/L and 6. 60

3
thlle Stride Avenue exh1b1ted the lowest strength leachate w1th
NH3—Nbless.than 15 mg/L 1t always exh1b1ted hlgher than expected
NH3—N gas‘yalues;' Overall, most NH3 N gas concentratlons were
_”'less‘than 150:ppb | |
| Gas- flow and methane flux was found to be greatest in the
younger landfllls w1th R1chmond exh1b1t1ng the greatest fluxes
and gas flows of over 20 kg/cm2 day 1n some wells (C6 and D9) -
;‘The high flows and fluxes are mostly a result of h1gh gas"
_product1on rates cau51ng a bu1ld up of 1nternal landf1ll pressure
build- up | Also, some “flow may be due to thermal convectlon. ‘
.:Most CH4 fluxes were found to be under 5. O kg/cm day, w1th
'Stride Ave.:and Premler St. exh1b1t;ng fluxes usually under»l.O ]}
.kg/cm day | o | | | |
The varlable found most often to cause a change ln NH3 N .
gas concentratlon was ga5~temperature-(Tg) ThlS was dlscovered o

not only in the multlple regress1on analy51s, but also in the .

- Pearson correlat1on analysis. _The_varlable ‘that may-be cau51ng
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some of the obserVed cooling ln'gas'temperature is infiltrating,
_precipitation. This 1nf11trat1ng prec1p1tatlon may also cause
Athe effect of decrea81ng NH3 N gas concentratlons in the
unsaturated zone from NH, absorpt1on into the lower pH (< 6.0)
rainwater.

Other parameters such as CH flux; pH and NH,-N leachate

3
were found to explaln a minimal variation in ammonla gas
concentratlons. The results of—thelmult;ple regre551on analysisv'
“on CH, % indicate the greatest relationship*occurred'between the

-dependent varlable CH and 1on1c strength

4
‘The major limitations - found w1th using regresslon analy51s
‘s a pred1ct1ve tool, for NH3 N and CH concentratlons is one, thef‘
'hnon normallty present 1n some of the data, two, the resultant 1ow3;
‘i:RZ s and three, the large re51dual error found 1n the equat1ons.
- In conclus1on predlctlon of CH4 % and NH3—N gaS'by stat15t1cal
'_methods is very uncertain due ma1nly to the hlghly var1able and
. non- normal data collected in thlS study
Decrease 1n barometr1c pressure was dlscovered not to

.1ncrease statlc gas flow rates by a low pressure‘pumplng effectf o
fobserved in other documented landf1lls.. In fact some Matsqu1i.
wells responded with lower flows durlng lower atmospher1c o
pressure..f |

| One other observat1on worth not1ng was the detect1on of an-
Jf.abnormal N2/O 1andf111 gas ratlo apparent in. a few Matsqu1 and

E Str1de Ave. sampl1ng wells. Ratlos sometlmes exceeded 20 whlch

. means oxygen is be1ng consumed by some process..rThls process is
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possibly a combination of inorganic redon\reactions’and oxygen
uptake from aerobic,bacteria called_Methanotrophs that consume
CH4 and O to produce CO' gas.,. -» . |
| Results of the the landflll gas organ1c contam1nant analy51s
indicate that over 50 compounds were detected in R1chmond and
: Matsqu1 wells after the sampllng technlque was 1mproved Most of
~these compounds were substltuted benzene and saturated
'hydrocarbons;: A maximum of e1ght chlorlnated hydrOcarbons were .
detected. Other compounds of 1nterest that were detected 1ncluded
some furans, b1phenyls, phenol and naphthalene compounds.

o Results of the comparison between documented_Henry s_Léw
constants.for predictingﬁNH3—N in gas'show‘some'large
.:dlscrepanc1es of over 2000 fold between the predlcted and
measured gas concentratlons. All methods grossly underpredlct
the- NH3 N in the gas fractlon from Str1de Ave. whlle d
overpred1ct1ng the gas concentrat1on in wells thatkexhibit NH3—N..:~
f,1n leachate generally greater than 200 mg/L - |
| The reasons for thlS large dlscrepancy between predlcted and_
”‘measured ratio of NH3 N gas may not be jUSt due to 1nva11d
;Henry s constants. Other reasons are summarlzed below- H:'

1. .The analytlcal technlque»ls not accurate.; |

2. The NH3 N leachate concentratlon is not necessar1ly
reflect1ve of the NH3 N concentratlon 1nherent in the unsaturated
- zone where the major fractlon of NH3 N mass transfer to the gasr

-phase may be occurr1ng. Comb1ned with thlS are landf1ll

heterogenieties and lateral'gas mlgratlon that,p0551bly'make the -
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gas sahple non?indicativeiof-the_measured NH,-N concentration in
,the'leachate. | |
3. The aqueous and gas phases of - ammonla are not in
_equ1l1br1um in a landflll env1ronment _ .
4. The NH,-N is be1ng volume dlluted by hlgh rates of gas 3
productlon in some wells.. N ‘ ' | .
5. Dlscepancy is due to-limitations of NH3-N mass'transfer'
into the gas phase. n _ |
6. Unpredlcted solublllty changes of ammon1a resulting from:'
the 1eachate chem1stry | o |
7. D1screpancy could result from adsorptlon and
resolubillzatlon of NH3fN in the unsaturated zone._'
.-Probablyja combination_of pts;ﬂ1,2,3;4Aand 6icause‘the
majority'of disérepancyihetween predlcted‘andomeasured NH3—N‘gasr'
| -N- leachate v

Results comparing the NH N gas fluxes with NH

3 3
“‘fluxes show a negllglble fract1on of NI—I3 N mass be1ng lost |
4through the em1551on of. landflll gas. In a“51tuatlon con51deredl
vto result in max1mum em1ss;ons, ‘the ammonia gas fractlon was
found3toebe'lessrthan.0;03:%;of'the,ammon1a.1eaohate mass flux‘inf'
“both'StriderAVe._ahd.RichmOndeahdfills; '_Massifluxvresultsrfor'”
NH3-N gas emisSion model also agreed'favorably with‘the results
.calculated;from'a gasrgeneration mass balance:model‘ .
| ’In summary, thlS author belleves there are some 1mportant

vf1mp11catlons ‘that arlse from th1s work on landflll gas.f One, is

the effect that cllmate_has on productlon ofgmethane in

landfills. In colder, wetter climates such astancouver;'
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controlling the effectsfof‘climate would be paramount in
- designing a successful landfill gas utilization project.
Secondly,,is the issue of’predicting gas concentrations.from
known leachate values by usage of a documented Henry s Law
yconstant. ThlS study s data 1mply that an accurate predlctlon
using a documented Henry' s constant may not be.posslble,;n a
landfill ‘This has far reaching'implicatlons for persons trying
to predict gas concentratlons of certaln volatile hazardous
'wastes.from given leachate.values. Lastly, the varied and
disappOinting results of:the statiStlcal analy51s indicate thate
~easily measured landflll parameters may not be useful in
pred1ct1ng the var1at1on ‘in concentrat1on of gas components such .
as ammonla and methane | | |

Llsted below are some potentlal future research proyects
this author feels should be undertaken to better 1mprove thlS
Study S work ‘ | |

1.’7 Set up a fleld apparatus in an’ observat1on well: that
mon1tors the p0551ble dlurnal trend 1n landf111 gas flow whlle l'b.
mon1tor1ng changes in leachate pH and redox ‘potential and methane‘;
lgas percent The main advantage to thlS system~1s the real tlmee

.and cont1nuous data offered show1ng small temporal trends that =

~ can be s1mulated on a computer later. Other than the h1gh

'_capltal-cost, a. dlsadvantage to . thlS system 1s ‘the potentlal for
‘vandalism. |
'2.y, In comb1nat1on w1th the above, would be to set up

, 1nstruments such as ten51ometers and suction 1y51meters to
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'.monitor changes of moisture content and chemistry in the
-unsaturated zone. Thislwould help in studying the effects that
prec1p1tat1on 1nf11tratlon has on methane production in a full—
scale’ landflll | |

3; ' To determ1ne 1f there 1s an active populatlon of
methanotrophs in the landf1ll environment an unsaturated zone
’ sampllng and so1l extractlon study should be attempted to isolate

‘the1r metabollc ‘enzyme Methane Monooxygenase.

4. Varlous potent1a1 laboratory pro;ects worth mentlonlng :
are listed below: »

- A study should focus on whether there is a- b1of11m
cultureisurroundlng refuse or’ls the bacterla populatlon mostly
.inymicrocolonles.v Determining'thisvwould haveféreat"consequenceST
on-trylno'to_model’the_mass transferlof volatilelcompounds.likev.
; ammonla;h‘ | | o

- Study:how‘the methanogens maydbe stimulated into o

b,vgreater gas productlon rates by an operatlng gas- extractlon

system (ie Rlchmond Landflll) The study would con51st of
-hsubjecting a sample of decompos1ng refuse under anaerob1c
'fconditions wh11e apply1ng the usual vacuum stresses applled
durlng gas extractlon.

- Determ1ne what value of Henry s constant is appl1cable‘u
’1n a 1andf1ll env1ronment by u51ng ammonia as - the study compound
This probably can be done 1n a closed anaeroblc volat1l1zat1on
chamber. | | B | | -

- - . Perform more detailed research into'thebdynamics of .
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-ammonia‘chemistry in'leaChate.

- 5. - To yerify the modelled results of gaSeouslNH3-N massx
flux, I'would recommend quant1fy1ng the em1551ons 1n the field by
the use of volat1llzlng domes. ThlS technlque is dlscussed 1nv'
more detall by Balfour et al (1987) To 1mprove the accuracy of'
the model runs, there should be a study to estimate the fractlon:
:of'NH3¥N mass adsorbed or. consumed in the landflll cover. Tests
should . also be performed on the 1andflll to verlfy the values
' chosen for standard parameters (1e, por051ty, gas productlon rate
:etc...)Q | Lastly, the model should be upgraded to 51mulate
pressure pump1ng effects whlle solv1ng for n- layered and 2 d
- systems. This would best be done by f1n1te d1fference or. f1n1te

element modelllng schemes.:
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APPENDIX A.1. - Results of Gas Partitioner Testing

TIME VIAL 1 VIAL 2 VIAL 3 VIAL 4 VIAL 5 VIAL 6
(hours)

o] 1.2 72.9 54.2 78.1 87.7 81.2

6 18.4 33.7 14.2 8.3 11.8

2.25 88.04 76.7 82.7 83.6 85 84 .4
6 15.4 10.2 10 8.5 9.2

4.5 75.4 60.1 771 82.3 81.8 68.3
16.4 28.8 14.8 10.6 " 22.1

6.75 761 76.3 75.7 73.1 63.5 79.5
15.8 15.4 16.2 18.1 26.3 12.9

g 73.7 67 72 70.7 66.4 75
17.4 22.9 18.8 20 23.4 16.6

21.5 68.6 63.2 67.5 68.6 60.5 64.2
21.6 26.1 22.5 21.6 - 281 25.2

28.5 64.9 60.4 64.6 63.8 54.6 57 :6
24.7 28.3 24.8 25.4 32.9 30.5

Appendix A2 - Results of Leakage Tests on Gas Sample Vials

i
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APPENDIX A.3.- Recovery efficiency data for 6.0 L/min

RUN BUBBLER NO. ESCAPE RECOVERY
1 2 3

1 82.1 47.6 26.2 18.3 47.1

2 98.2 22.0 22.0 15.4 62.3

3 102.8 22.0 21.7 15.2 63.6

4 144.8 " 21.8 21.8 15.3 71.0
MEAN 107.0 28.4 22.9 16.0 61.4
STD. DEV. 26.7 6.5 2.2 1.4 10.0
$ C.V. 25.0 23.0 9.5 9.5 16.3

1 92.9 38.1 37.5 26.3 47.7

2 183.9 38.0 82.8 58.0 50.7

3 144.0 32.0 54.0 37.8 53.8
MEAN 140.3 36.0 58.1 40.7 51.0
STD. DEV. 45.6 3.5 38.3 16.0 3.1
$ C.V. 32.5 9.7 65.9 39.4 6.0

1 86.5 30.1 30.14 21.3 41.4

2 91.1 40.5 21.5 15.1 54.2

3 91.8 44.9 20.6 14.4 53.5
MEAN . 89.8 -38.5 24.2 16.9 53.0
STD. DEV. 2.9 7.6 5.4 3.8 1.5
$ C.V. 3.2 19.7 22.4 22.4 2.8
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APPENDIX A.6. - RESULTS OF pH METER COMPARISON

In an attempt to calculate the accuracy of the Horizon field
pH meter a comparison was made between this and the lab reference
Beckman 44 pH meter. The Beckman 44 has an LCD-digital display
readout and is equipped with a calomel combined refillable
electrode. Comparison of the two meters was made with various pH
buffer solutions and distilled water. Results of the comparison
are shown below:

Sample Beckman Horizon % Error
Distl. water 5.39 5.28 -2.0
Distl. water + 11.54 10.34 -10.4
0.2 ml aliquot of
6N NaOH
Aliquot of ' S.17 8.94 -2.5

disodium tetraborate
Na2B4O7 IQHZO

Aliquot of KHZPO4 4.67 4.43 -5.1
KH2P04 + NazB4O7.10H20 6.16 6.30 +2.3
Above mixture + 6.30 6.43 +2.0
aliquot of 0.02N NaOH

Boric acid (20,000 ppm) 4.59 3.49 -24.0
Distl. water 5.63 5.02 "~ -10.8
pH 7 buffer 6.99 6.76 -3.3
pH 4 buffer 4.00 3.89 2.8

Inspection of these results show the greatest error to occur
late in the comparison with the boric acid. In general however,
the relative error of the Horizon pH meter is less than + 5 % in
the leachate pH range encountered in this study and usually

underpredicts - the pH. Errors are probably due to the Orion
electrode not having enough time to equilibrate with the
contacting ionic solution. To gquard against electrode

sensitivity decay, the Orion electrode was "rejuvenated" in
saturated KCl solution almost every two weeks.
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APPENDIX A.7. - SUMMARY TABLE OF QUALITY ASSURANCE TESTS

METHOD ACCURACY RESULTS
Horizon Field pH meter % Error of +2.3 to -24.0 %
(Compared to Beckman 44 Usually less than + 5 %
Lab pH meter) of one pH unit
' (Detailed in Appendix A.6.)
Ammonia Distillation- 20 mg/L NH3-N sample 4.2 %
Titration Method 200 mg/L sample 2.2 %

(6 Samples each)

Fisher Gas Partitioner % Error of + 1.74 %

(10 sample injections)
(Detailed in Appendix A.1.)

Methane gas sample vials % Leakage was 21.3 to 35.8 %
over a 28 hr., period. Mean
leakage value was 26.8 %
(Detailed in Appendix A.2.)

Note: Accuracy tests of the NH3-N gas analytical method are
" discussed in Chapter 5.
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'APPENDIX B. - SAMPLE CALCULATIONS OF SOME OF THE PARAMETERS -

' B.1. CALCULATION OF CH4 FLUX THROUGH SAMPLE WELLS

" Known parameters are:

- CH4 % by volume , S
- ‘Molecular weight of CH4 = 16v0»gm/mole .
- Static gas flow in L/min
- Cross- sectlonal area through measurement tube :
: r = 1,27 cm, :
. A = 5 07 cm
- Gas temp. in K ' '
- Gas constant, R = 0.082057 L- atm/K mol
- 'Assume gas 1s behaving 1deally
- ideal gas law pV = nRT
- Where V. = Flow * Time
- S0 Q (Flow) = V/t o
- Assume p = 1 atm. . .
- So p/R = 12,195 K-mol/L

"h'_— ‘To get CH, Flux .in kg CH /cm —day then multlply by proper
- conversio%pfactors to'ge% from volume percent into mass. - .

':Therefore}_ CH4 Flux 1s.

4
LExample Calculatlon is

'cn"‘FluQ = 55 6 * (Q/T K) * (CH °/100)

8 Suppose 1 have a well flow of 20 L/mln., Gas Temp of'290°K,
CH of 50 6, then w1ll get: , o

4

- cH, Flux = 55.6 * (0. 1034) * (c. 50) =”2.8800 kg‘CH4/¢m2Fday
B2, CALCULATION OF coz FLUX o o : o

_ Is the same procedure as for CH, Flux except the molecularf
'_-we1ght is 1ncreased to 44. 0 gm/mole %o change the equatlon below-“
| C02-F1ux in kg C02/cm2 day = 152.52 * (Q/T K) * (co2 ﬁ/1oo)

.'FB;3. CALCULATION OF LANDFILL GAS DENSITY

§ Summatlon of the four main landflll gas. constltuents, CH
- CO N were assumed .to be indicative of the total landflfl

1-v,ga§ concen%ratlon. Density for each’ gas taken from the ~
-+ literature (listed below) was summed in the spreadsheet to get

total gas den51ty for each well in each sample perlod



GAS DENSITY SOURCE

CH, 0.714 kg/m ' 'Emcon ‘Assoc. (1980)

co, 1.950 kg/m ‘__' _Emcon Assoc.‘(1980)

N, . 1.248 kg/m3 . CRC Handbook of _
S 3 ~~Chem. and Physics (1979)

O2 : 1.427 kg/m "° Same as above

Total gas den51ty was calculated as. follows:

Gas density = (( go/100)*0 .714) + ((CO 6/100)*1 950) +
| ceenen t ((N8/100)%1.248) + ({0, ?100)*1 427)

B74{“CALCULATIONNOF PPB IN GAS

- Parts per bllllon of NH -N gas was calculated by d1v1d1ng to
-N gas concentratlon into’ the total gas den51ty to get K :
' co%parable mass unlts. - .

ug/kg =kug/m— NH3 N - ;'ppbv
> - kg/m” Density

'Sample Calculatlon of NH3- N of 200 ug/m .and‘densityv= 1.30 kg/m°>
o 200 ug/m> = 153.8 ppb | ’ oo
<30 kg7m3 : ‘h. _ )

.3.5; CALCULATION OF IONIC STRENGTH B

From Snoeynk and Jenkins (1980) is a conver51on factor for
coverting spec1f1c conductance. 1nto 1on1c strength :

' Spec Conduct *¥1.6 x 10f5-= Ion1c Strength -

B.6. CALCULATING ACTIVITY COEFFICIENTS “::1"

The Debye- Huckle approx1mat10n was ‘used and the
equatlon below is valid where ionic strength do not exceed 0.
-which is approprlate for my results since only two wells, F1 and
F5 Matsqu1 exceeded the 0.1 1, .

- axgx105
Where A = 0.50 2z = 1.0 for NH s
= = 3 OE 08 foé NH, T ~ions’

0.326E+08 .  a .
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Sample calculation: suppose leachate of 2000 umho/cm then
the activity coefficient 1s_: . :

log - (0.50%1.0%0. 0322:%)/ 1 + (0.978%0.032°+°)

n

antilog (-0.076) = 0-84

7. CALCULATE FRACTION. OF UNIONI ZED AQUEOUS AMMONIA

_ Thurston et al (1974) regressed the data obtalned from
'Pinching and Bates into workable equatlons estimating pKa and .
fraction of ammonia below: . .
pKa = 0.0901821 + 2729, 92/T K

_ This equation is found to have about a 5% C.V., which is
exceptable. . The fraction is then calculated below- ‘

o f = 1/(10 pKa - pH 1)

- This fraction. can then be multlplled by the total ammonia -
measured to get the concentratlon, molarlty and mole fractlon

f*C(NH N) = C(NH ) o o
- C(nH, )/17.04 g/mole [NH,|aq]/55.6 m/L = X(NH,)
'B.8. ESTIMATION oF pRw B '

The_lonlzatlon-constant of water is a function of
temperature from the below equilibrium_expression: .

[H ]*[OH I

, The data used to predlct the pKw as a functlon of
temperature was taken from Freney (1981) o :

Temp. in.celsius = = pRw
0 14.944

5 14.734

10 : -~ -, 14.535

15 . 14.346

20 o 14.167

25 . 13.997

30 - 13.833

35 ' - 13.680

40 ' ~ 13.535

The resultant regression equation is :
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pKw. = 24, 50198 - 0 03517(T K)
r? = o 996584
T standard error is 2.2 % in thlS equatlon '

B.S CALCULATION OF AQUEOUS AMMONIA FROM EQUUILIBRIUM EXPRESSION

This method is an alternatlve to Thurston's calculatlon.' It
is based on the equ1l1br1um expre551on of ammonia and water
"below:

Nu3 + Hy0 <====> NH4+ + dH*'
K, = (INH, 1%  *[OH ])/[NH3|aq]
Kw = [H¥ ] [OH ]

Where pK = pKw.f pKa

Where [OH™ ] is estlmated from antllog( (pKw pH)

So. [NH Iaq] [NH +]* *[OH ]
S K '
_ _ 1

»v"Example is a leachate of 200 mg/L total ammon1a a  of 0.80,
‘a pH of 6.5 and a leachate T of 15 degrees. T

Cne, Y ][=_o.2oo_g/L/17.04'gm/mole = 0. 012 m/L

. 4. , _ .
pKa =9.569 : pKw = 14,373 pK = 4 ao or K, ='1558Ef08_
/ [OH°]'= ahtilog(—7'87) 34E 08 m/L.' .

[NH3]aq] - 8. 11E- 06 m/L

: VB;TOIESTIMATION OF. HENRY S CONSTANT (H1) FROM THE VAPOR PRESSURE :
"~ -METHOD : : L : '

' aa., Must first calculate the reference vapor pressure as a’
: functlon of temperature (from NRC, 1979) 5

log Pref = 9 95028 - 0. 003863(T) - 1473.12/T

K
- mm Hg

. Where T
P

, ref -
- To get into’ atmospheres multlply mm Hg by 0. 0013

'b,' Calculate solub1l1ty as a funct1on of temperature from
Freney (1981) ‘data to get regression equatlon below' :
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log'S = 1.307360 + 934.63/T where T = K
%=, 999806
Standard error 1is only 0.04 %

c. Must calculate corrected vapor pressure (P_) since a
dilute solution doesn't obey Raoult's Law of an ideS1 v
solution, so a corrected vapor pressure as a function of
it's solubility is employed (MacKay and Shiu, 1981).

Pc Pref ,(1 w)

Where w 1is the fractlon of SOlUblllty of the we1ght of
ammon1a in a glven welght of water, ;

Therefore._iHi in atm—L/mole = Pc/S

da Example calculatlon for solutlon at 25 degrees ce151us:

H
H

(9. 32 atm-* (1 : (26 92/55 6)))/26 92 m/L
0 1786 atm L/mole' o

. B.11 ESTIMATION OF H2_ FROM THE MOLE FRACTION METHOD

, Two complete ‘sources - of data were used to est1mate H2>as a
~function of temperature. The ‘sources are listed below: o

Temp ~  Tchobanaoglous :':' Perry ~ 'Thibodeaux
: ‘ (1985) - - (1963) - -~ (1979)
0 0.48 - 0.38 -
10 0.78 0.62 -
20 1.25 0.99 -
25 1.56° 1.24 0.84
30 1.96 1.57 -
40 2.94 1.96 -

N At 25 degrees, a- statlst1cal compar1son of the three .sources -
'yields a highly variable mean of 1.104 w1th a standard deviation

5[ “of 0.396 and a % C.V. of 36 P

When averag1ng the two complete sets of data one gets the,[d :
‘regression equatlon below' :

',Hz = -7. 83 +0. 03(T) where T = K
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L, I
r° = 0.996236
‘Standard Error is over 3 %

‘Example calculation at 25 degrees:

H, = ,104fatm/X H, = 0.902 X/atm -

. 0.906X*55.6 m/L.' Hy*atm

50.37 m/L = Hé*atm
H, = 0.01986 atm-L/mole
.12, ESTIMATE H3 FROM GIBBS FREE ENERGY METHOD

From enthalpy and entropy data in Stumm and Morgan (1981)
. one can calculate the equ111br1um constant between the aqueous
~and gas phases of ammonla.f :

Species Hg (Kcal/mol) ‘s (Kcal/K mol)
O NHglg {14,04 el >J46.01Ef03{3':‘>
NH, | ag | ~19.32 ' 26.30E-03

© 'An. example calculatlon at 25 degrees :

—19 32 - (—11 04) = -8. 28 Kcal/mol
26, 30 - 46.01 = -19 7 cal/K mol.

T S (298 16)*(—19 7) —5 88 Kcal/mol

f;Therefore the standard free energy change is based on GlbbSi
Free Energy beIOW°' : L :

_AG°r= H - TAS = ?8‘28 -‘( 5 88) % 42’40 Kcal/mol
Sc H3’1s calculated from equlllbrlumdexpress1on below-
o 'n ~ -RT1nK = AG® | |
Where R = 1.987E-03 Kcal/K-mol
iég K ; ‘-.;AG° -
© 7 2.303*T*R
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“log K = 2740/1 364 = 76‘ K or H = 57.3
R /
K= [NH laq]/PNH3 = 57 5 mol/atm L
‘H3 = 73E 02 atm L/mol

.13.CALCULATE H4 FROM THE SOLUBILITY EQUILIBRIUM METHOD

ThlS ‘method calculates a dimensionless constant as a ratlo
‘between the agqueous and gaseous molarities of ammonla., ThlS can
" then be converted to the appropriate units. - :

H, = [NHg lagl/[NH, |g]

In pure water studies by Hale and Drewes (1979) - over 30
data pairs were regressed as a functlon of. temperature and is
'shown below: _

1og,H4 =_—1.694~%’1477.7/T where T = K
;No_rzxwas’given and stdl'error was 9.7 %
Example"of conversion to appropriate units at 25 degrees:
 H, = 1842 0 | |
[NH3|g] = 1842 * [NH3|aq] / H
- Xg [NH3]g]/22 4 m/L and assume 1 atm pressure get'

;vH; 2.443E-5 atm- L/mole, wh1ch is 51gn1f1cantly less
than the other henry's constants discussed so far.f

.14, DESCRIPTION AND DERIVATION OF THIBODEAUX S MODEL FOR GAS
" 'EMISSIONS FROM COVERED LANDFILLS WITH INTERNAL LANDFILL
- PRESSURE BUILD-UP.

a;_ For a unlform comp051tlon of gas w1th1n a landfill.
'cell, the equation of cont1nu1ty can be expressed
below' .

n°dC = - CHv o+ x )

. dt ~h ' S

air-filled por051ty

‘concentration in. ug/m

time (days) -

superficial outward veloc1ty (m/day)
landfill cell depth (m) :

rate of gas generation .in cell (ug/m —day)

Where

n
~C
t
\
h

n
| . 9
b. The equationbthat descrlbes the one-dlmen51onal row of
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gas through the cell or landfill cover 1is by Darcy's

Law below:

<
1]

K *(p - b) C(i1)
u*L ‘

m/day

gas viscosity (cP)

: permeability. of cover (m? /day)
‘thickness. of cap (m)

pressure within cap .

barometric pressure at landflll surface

[o 2 @ BN na i~ ad .
mowonowonon

So thlS equatlon descrlbes covectlon flow caused by
pressure 1nduced flow., '

Comblnlng equatlons,l;*ii aud a biological gas rate

. (rg), one can get an 'expression for the rate of change
-of internal landfill pressure. To get this expression,

the gas den51ty must be solved: u51ng the 1deal gas law."

'The expression is below:’

dt - A n*h*L*

dp = rg*e*p - Kplp-b) ‘(iii)’-'

. Equatlon (11) can be comblned w1th ‘the below equatlon =

that describes’ steady state 1nternal gas flow in one .-
d1rect10n. :
e*dzc'e.v*dc-=-o'f (iv)

Where De is effectlve dlffu51on coeff1c1ent

" 1f 'h and z = surface and base of landfill cover, then

can solve the above equatlog by integrating at boundary'”

' .condltlons of Ca at z and C” at'h to get-

)*(1-exp(z*v/De)) "(v)_

2 (1—exp(h*v/De))

C, = ca;e (ca - C

E The flux expre551on then 1s :

Na=v* Ca-C o+ V*Ca S (vi)
exp(h*v/ﬁa) P

© - This expre551on contains both a dlffu51ve and

convectlve flux term.

'quuatlon (vi) is- then converted into the more workable

equatlon ‘that by itself is used to estimate flux

emission .rates from landfills that- are assumed to have j'
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' nofinternal,pressure build-up. This is shown below:

Na = (De/L)*(Ca - C2)*(Rexp(R)) = (vii)
: (exp(R) - 1) .
" Where L = Landfill cover thickness (m)
R = L*V/De
Na = Mass flux in M/L -7

B.15.SAMPLE CALCULATION OF THIBODEAUX S MODEL, RICHMOND LANDFILL

a. calculate Effect1ve diffusion coeff1c1ent w;th
' diffusion coefficient in air (Do) = 1.750 m /day
and air- filled por051ty 0 40

33)

De = Do*(nil = 0 517 m /day

" b. Calculate G factor

‘R ,L*v/De' where L = 1.5mand v = Ol5996-m/day:17=:l
R o= 1.74 B o
..G-Factor =,2;11

3
(0.517 ‘m /day/1 5M)* (92,8~ 20 0)*2

C. ,Calculate NH.~N flux from gas_':

N

SN 52, 9. ug NH N/m day
'%_Thedresults.for without . gas’generatlonxkie; Farmerlslmodel):l
_'vﬁ = 25.1 ug. NH N/m -day : 1 | | -

a. Calculate annual flux from the landflll

2 * 365 day/yr /1 X 10 ‘ug/kg

7_‘52.9 * 2oo,ooo_m
N = 3.862 kg/yr

B.16.SAMPLE CALCULATION OF GAS GENERATION MASS BALANCE MODEL AT.,
RICHMOND ‘LANDFILL ;

"a. Assume gas pumpihg”rate of 20. § m /m1n and an ammonlaj-
- gas concentratlon of 92.8 ug/m :

20.5 m3/min * 92.8 ug/m’ = 1902.5 ug/m1n‘
.T902.5 ug/min'*_1440 min/day_*.1-x 1079 ké/ug,
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= 0.00273 kg NH3/day = 1.00 kg NH3/year
Check calculation of gas productlon rate used in

Thlbodeaux model run.,

2

Get refuse mass = 200 000 me * 10 m * 600 kg/m

= 1.2 X 109 kg of refuse f£ill
20.5 m3/min = 2. 95 X 1010 mL/day
Therefore gas productlon rate = flow/refuse mass

= 24 6 mL/kg-day which compares to assumed value of

© .40 mL/kg day used in model- runs.
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Vancouver Intl. Airport Vancouver Harbor Abbotsford N
Aug. 87 0.0 Tr 0.0
25.8 15.0 13.9
0.0 0.2 0.0
Tr Tr Tr
Sept. 87 13.2 11.4 11.6
9.6 11.1 12.0
2.2 0.0 0.0
3.4 5.6 1.4
Oct. 87 0.2 1.2 1.6
0.0 0.0 0.0
0.0 Tr Tr
20.2 31.4 18.2
Nov. 87 0.6 5.2 1.8
74.8 91.1 69.0
48.4 77.5 31.5
13.0 9.0 5.0
Dec. 87 73.0 137.¢ 95.8
46.4 48.6 73.8
16.6 32.0 28.8
13.6 10.6 15.1
Jan. 88 ~ . 0.0 : 0.0 0.0
40.8 83.4 75.1
15.8 16.4 15.9
9.6 16.6 19.8
Feb. 88 18.3 32.8 40.0
46.2 77.1 57.9
3.6 9.4 6.2
3.6 6.0 3.4
Mar. 88 25.2 32.1 33.3
23.0 35.3 26.6
43.0 53.6 33.7
47.0 63.7 61.1
Apr. 88 ' 71.6 n.d. 105.6
Tr n.d. - Tr
2.4 n.d. 8.2

17.2 n.d. 48.0 s

NOTE: Precipitation in millimeters

APPENDIX C.1.- Weekly Precipitation Data For Weather Stations in Close °
Proximity to Landfill Study Sites.

Note: Vancouver Harbour was Permanently Discontinued
at the End of March, 1988.
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AP?ENDIX D - TABLES OF BASIC DATA FROM EACH SAMPLE WELL

DATE v.L. TENP Tenp pH MH3-N  SPEC.  MNW3-N IO 1CO2 1M 102 6AS BARO.
(aeters) LEACH GAS LEACH CONDUCT.  6AS FLOW  PRESS.

(ag/L) (uaho/cm) (ppb) (L/ain)  (KPa)
F1 BATSQUI
08/05/87 -- -- - - -- - 108.6 45.9 39.1 13.8 1.3 28.2 -
08/25/81 - - - - -- -~ 678.2 48.4 3.2 14.2 1.3 65.9 101.78
05/08/87 - - 5.0 -- - - 500.2 46.4 37.0 15.2 1.4 36.6 101.54
09/22/81 -~ -- 2.0 - -- -- 408.4 41.9 34.8 0.4 2.0 62.9 101.64
10/06/87 -- - 19.0 - -- -~ 256.4 38.5 3.0 2.9 1.7 40.5 102,28
10/20/87 - -- 18.0 -- - -~ 104.4 8.6 32.4 2.8 2.2 40.4 102,33
11/10/87 - - 16.0 - - - 1842 38.0 32.7 2%.5 2.1 46.5 101.84
11724187 - - 4.0 - - -- 13.4 39.9 313 3.5 6.0 M.8 (0L
12/08/87 - - 13.0 - - - 51.4 40.0 30.5 4.2 5.3 19.8 100,73
12/29/81 - -- 13.0 - - -- $.0 30.2 3.5 10.5 2.8 13.3 101,07
01/12/88 9.69 1.0 13.0 6.49 2637.5 24040.0 4.8 30.2 3.4 32.8 3.7 30.9 101,78
01/26/88 9.69 1.0 12.0 6.3¢  2669.3 21200.0 39.4 32.9 M7 9.2 3.2 62.9 102.49
02/09/88 9.67 10.5 1.0 6.27 2548.0 22550.0 30.2 45.0 3.5 18.4 4.1 25.0 102,32
03/01/88 9.73 14.0 12,90 6.23 1848.0 162%0.0  140.4 47.6 1.0 7.3 2.1 15.2 102,25
03/29/88 9.70 1.0 10,0 6.19 1786.0 16023.0 3.2 3.8 28.6 2.2 (K] 7.4 102,05
Naxisus 9.75 14.0 25.0 6.49 2669.3 24040.0  678.2 50.2 N 32.8 6.0 65.9 102.49
Minisua 9.69 7.0 10,0 6.19 1786.4¢ 16023.0 30.2 30.2 28.6 16.5 1.3 7.4 100.73
Nean 9.70 10.7 15.2 6.3l 2297.8 20020.6 179.6 4.4 1.7 .0 29 38.7 101.82
Std. Dev. 0.03 2.2 1.0 0.10  395.1 32815 191.6 5.6 2.6 6.5 1.4 19.3 0.5t
c.v. 0,28 2.8 6.7 1.63 172 16.4 106,56 13.9 1.8 .6 48.4 49.3 0.50
F2 MATSQU
08/03/87 8.80 17.6 23.0 7.10  406.0 4000.0  204.6 34.3 3.0 3.5 3.2 36.2 -
08/25/87 2.99 11.0 22.9 1,20 52,0 3640.0  408.4 5.3 3.5 2.8 2.4 70.8 101,84
09/08/87 9.05 18.0 25.0 1.16  347.2  3400.0  397.4 25.2 28.3 “.0 2.5 63.4 100,71
03/2281 9.09 17.0 23.0 1,24 313.6 30860  311.4 8.6 30.1 40.2 1.2 73.9 10161
10/06/87 9.09 18.0 19.0 7.24¢  369.6 3614.0  166.4 21.4 29.6 41.9 1.1 85.0 102.28
10/20/87 9.03 17.0 15.0 7.33 364 BN 14300 7.3 30.1 41.9 0.7 68.0 102.38
11/10/87 9.1 16.0 16.0 1.5¢ 4.4 B0 135.6 26.2 28.8 42.8 2.2 73.9 101.88
11/24181 9.09 16.0 14,0 7.95  308.3 * 3200.0 40.0 n.2 2.0 6.2 37 70.8  101.17
12/08/87 9.05 11.0 12,0 6.50 124.7 2400.0 25.8 5.0 27.1 4.4 3.5 3.1 100.70
12/29/87 9.10 11.0 16.0 .2 28.2 U180 18.2 27.0 21.3 4.6 3.1 43.6 100.93
01712/88. 9.0 8.0 14,0 6,94 149.0 1750.0 23.6 2.7 25.0 48.6 3.8 58.6 101.74
01/26/88 9.03 13.0 14.0 6.29 70.6  1083.0 3.8 2.5 4.0 4.3 4.1 75.3  102.45
02/09/88 8.90 14.5 10.0 - 5.97 53.8 1118.0 1.2 23.3 27.1 4.4 3.2 3.8 102.28
03/01/88 9.0 130 13.0 105 1.6 29920 69.2 4.3 %.6 46.1 3.0 4.9 1.1
03/29/88 .88 13.0 14.0 6,93 182.6 139%.0 7.2 39.0 30.7 8.3 2.0 47.2  101.94
Haxinua . 18.0 5.0 7.95  406.0 4000.0  408.4 3.0 3.0 92.8 4.3 85.0 102,45
Niniaua 8.80 8.0 10.0 5.97 53.8  1083.0 18.2 2.5 . 5.0 28.3 0.7 3.2 100.70
Hean 9.02 4.6  16.8 7.05 245.0 2738.7 139.2 2%.8 2.2 4.7 2.1 60.4 101.79
Std, dev.  0.09 2.9 4.4 0.47  103.9  932.4  130.4 4.4 1.9 13.7 1.0 14.9 0.32
c.v. 0.98 19.9 5.9 8.71 42.4 H.0 9.7 16.3 6.7 30.0 38.6 4.6 0.51

APPENDIX D
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APPENDIX D
DATE W.L. Tenp Tenp pH NH3-N  SPEC. NH3-§ ICHM 1CD2 1M 102 6AS BARD.
(weters)  LEACH 6AS LEACH CONDUCT.  6AS FLON  PRESS.
(sg/L) (usho/cs) (ppb) (L/min)  (KPa)
F3 MATSQUI
08/03/87 - -- - - -- - a2 56.3 .7 8.3 .3 H.3 -
08/25/87 -- - -- -- -- -~ 36l.4 43.9 33.8 2.7 1.6 1307 101.81
09/08/87 -- - 1.0 - -- -~ 198.6 50.8 kR 2.5 0.9 1214 101.71
09/22/87 - -- 22.0 - - --.  388.8 5.5 3.8 11.5 1.2 138.7 101.81
10/06/87 - - 19.0 - - - 82.6 48.1 3.3 15.8 0.8 147.8 102,35
10/20/87 - - 18.0 -- -- - 5312 45.2 33.8 19.2 1.8 121.¢ 102,45
11/10/87 - -- 15.0 - - == 42,0 48.2 3.5 14.4 1.7 130.7 101.88
11/24187 -- - 14.0 - - - 136.2 43.8 i34 20.9 1.9 130.7 101,14
12/08/87 9.56 10.0 12.0 6.94  398.7 3400.0 19.8 45.5 1.6 19.2 27 100.0  100.70
12/23/87 9.58 10.0 12,0 6.85 285.6 3104.0 3.8 48,2 2.2 17.1 2.5 85.0 100.950
01/12/88 9.60 10.0 12.0 6.83  168.0 2054.0 2.8 43.3 1.8 19.9 2.9 115.6 101.68
01/26/88 9.58 14.0 13.0 6.60 142.8 1660.0 2.6 4.1 3.3 18.4 4.0 147.8 102.38
02/09/89 9.53 14.0 3.0 6.31 95.2  1680.0 52.0 u.5 3.6 6.7 5.2 4.2 1.5
. 03/01/88 9.60 12.0 13.0 5.86 88.5 1384.0 135.8 52.4 2.3 12.7 2.6 3.1 102.25
03/29/88 9.53 13.0 13.0 6.22 110.9 1298.0 4.8 “.9 2.7 4.1 2.3 103.6 10194
Haxinum 9.60 1.0 22,0 6.9  398.7 3400.0 551.2 36.3 5.8 46.7 5.2 147.8  102.43
Minisua 9.5 10.0 9.0 3.86 88.5  1298.0 19.8 1.3 1.6 8.3 0.9 4.2 100.70
Hean 9.57 12.6 14.8 6.52 184.2 2082.9 161.2 46.3 2.8 18.7 2.2 1139 1.7
Std. Dev.  0.02 2.5 3.8 0.37 107.4 7768 183.2 6.8 .0 8.3 L1 %.2- 0.8
c.v. 0.2 19.9 2.5 .68 58.3 37.3 9%5.1 14.7 9.2 45.2 51.3 3.0 053
Fé RATSQU
08/05/87 -- - -~ - - - 61.6 39,7 38.2 31 0.0 37.9 -
08/25/87 - - - - - - 3%.0 49,2 3.7 15.3 1.8 5.8 101.91
09/08/87 -- - 2.0 - - - MM 9.0 6.3 4.3 L2 Jo.8 10t.78
09/22/87 - - 21.0 - - - 202,0 39.6 3.8 3.9 0.8 7.2 101.67
10/06/87 -~ - 20.0 - -- = %9.4 32.2 3.8 10.0 0.0 7.2 102.28
10/20/81 - - 18.0 - ad - 189.6 49.5 3.6 13.0 0.8 58.6 102.52
11/10/87 - - 15.0 - -~ - 1§7.2 4.7 M0 19.9 24 68.0 101.88
11/24/87 - - 12.0 - - - 103.6  39.4 i3 5.8 3.5 §2.9 101.14
12/08/87 - -- 14.0 e - - 8.0 4.5 3.6 14.9 2.0 H.7  100.70
12/29/87 -~ - 14.0 - - - 33.8 52.4 36.7 9.9 1.0 39.5 100.83
01188 -- -~ 14.0 -- - -~ 2.4 3.8 0.6 14.4 1.2 §9.4 101.61
01/26/88 - - 13.0 - - - 3.6 50.7 5.0 12.4 1.9 70.8 102.28
02/09/89 -- - -- - - - 1306 . . - - .- -- - -
03/01/88 - - 12.0 - - - 23.2 41.3 33.6 16.5 I8 1.8 10232
03/239/88 - - 12,0 -- -- - 5.8 46.5 2.4 12.3 3.6 2.3 1019
Maxisue -- - 22,0 -- -- == 3%.5 59.6 8.6 5.8 3.6 65.8  102.52
Ninisus -- - 12,0 - - - 8.0 N4 - 33 3.1 0.0 1.8 100.70
Rean - - 15.4 - -~ -~ 134.8 50.3 3.2 12.9 1.6 56.3 101.76
Std. Dev. - - 3.4 -- - - 109.4 5.7 1 6.1 11 2.8 0.55
c.v. -- -- 2.3 - - - Bl.1 11.4 6.1 47.4 7 38.8 0.54
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DATE | B Tewp TERP pHt NH3-N  SPEC.  NM3-N  ICWM 1002 1M 102 6AS BARO.

(meters) LEACH 6AS LEACH COMDUCT,  6AS FLOW  PRESS.
(ag/L) (usho/ca) (pph) (L/ain)  (KPa)
FS BATSQUI

08/05/87 5.98 17.0 20.0 6.60  787.5 12000.0 2.0 38.7 33.8 26.4 1.1 34.0 e
08/25/81 3.98 18.0 2.0 6.82 1881.6 21913.0  601.6 56.9 43.1 0.0 0.0 18.9  101.98
09/08/87 5.98 17.0 20.0 6.85 1950.0 18500.0 76.0 56.9 43.1 0.0 0.0 18.3  101.88
09/22/85 5.9% 17.0 5.0 6.75 1624.0 1746.0  143.8 51.0 43.0 0.0 0.0 2.6 101.54
10/06/87 5.97 18.0 22,0 6.86 1982.4 19207.0 99.2 54.0 40.2 4.7 1.2 40.5 102.25
10/20/87 3.88 17.0 20.0 6.7 1988.0 18877.0  276.8 38.9 1.9 4.7 0.4 2.8 102,49
11/10/87 6.08 15.0 14.0 6.81  397.6 5960.0  167.6 56.3 40.6 2.4 0.7 43.6 101.88
1124181 3.74 14.0 1.0 S.41 1540 2906.0 37.4 3.9 7.4 211 1.6 N.D.  101.10
12/08/87 5.83 14.0 10.0 5.47  264.9 3200.0 13.6 48.0 37.5 12.0 2.5 8.6 100.73
12129487 §.83 4.0 8.0 6.74  1243.2 14746.0 13.0 56.3 3.7 4.6 1.3 10.0  100.80
01/12/88 6.44 13.5 12.0 6.86 1971.2 19132.0 30.8 51.9 33.9 11.5 2.7 4.4 101.57
01/26/88 3.6t 14.5 8.0 6.17  300.6 4405.0 3.0 .7 5.4 1.1 2.2 S3.1 102,25
02/03/88 S.60 12.0 8.0 6.47 151.2 2864.0 - - - - - - -
03/01/88 . 15.0 12.0 6.59 778.1 9807.0 69.2 0.4 2.3 61.9 16.3 ND. 101,94
03/29/88 5.4 14.0 10,0 6.37 478.8 6424.0 - - -- -~ - -- -~

Maxisun 6.44 18.0  25.0 6.86 1988.0 21913.0  601.6 98.9 43.1 61.9 16.3 3.1 102.49

Rinisun 5.54 12.0 8.0 S.41 151.2  2884.0 13.6 0.4 1.3 6.0 0.0 N0, 100.73
36.4 2.5 2.8 4.1 101.70

1

9

Hean 5.88 15.3 4.7 6.30 1064.2 11832.5 126.6 8.3 .

Std. Dev.  0.22 1.8 5.7 0.46 737.8 6B4L.9  154.2 15.3 6. 6.7 44 16.5 0.55
c.v. n 11.6 3.8 1.07 69.3 5.8 g n.a 16, 133.2  157.4 68.5 0.4

F& RATSEY

08/05/87 - - - - - - 92.4 35.5 2.0 3.1 8.3 3.0 -
08/23/81 -- -- - - - - 444 -- -~ - -- 6.9 102.05
09/08/87 - - - -- - - 83.6 40.4 2.3 5.4 6.4 N.D. 101.81
L Treli N -~ -- 2.0 - - - 108.2 2.5 20.0 40.8 1.7 ND 10154
10/06/87 -~ - 19.0 - - - N.D. 56.5 36.9 5.4 1.2 2.9 102.15
10/20/87 - == 19.0 - - - 309.8 36.4 3.1 3.3 1.2 12.0 102,49
11/10/87 - - 14.0 - - - 120.0 .1 37.0 1.0 1.8 18.1  101.84
Raxisus - - 22.0 - -- == 4492 6.5 7.1 40.8 1.7 2.9 102.49
Ninisun - - 14,0 - - - N.D. 1.5 20.0 .3 1.2 8.0, 101.54
Hean - - 18.5 T - == 166.0 45.1 30.2 19.5 5.2 10.0 101,98
Std. Dev. - - 29 - - -~ - 140 11.3 1.1 14.3 4.1 9.4 0.30
C.v. - - 18.5 o - -- 86.8 5.0 3.3 13.4 78.2 H.6 0.9
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DATE uL. TENP Tenp pH NH3-N  SPEC.  NH3-N I CH¢ 1C02 1W2 102 6AS BARD,

(neters)  LEACH 8AS LEACH CONDUCT.  GAS . FLON  PRESS.
(ng/L) (usho/ca) (ppb) ' (L/ain)  (KPa)

. F8 MATSQUI
~ lunoer 5.0 17.0 14.0 5.5 1.0 860.0 103.0 1.3 20.4 4.8 10.3 2.0 101.81
11/24/81 3.59 15.0 12.0 4.70 1.0 2910 40.0 26.3 21.2 42.3 10.2 30.3 101.17
12/09/87 4.09 12.0 1.0 47 1.0 40,0 19.8 20.5 2.0 49.5 10.0 5.1 100,73
12/29/87 4.09 12.0 8.0 5,92 1.7  566.0 32.4 20.4 12.9 52.3 14.4 4.6 100.83
01/12/88 4.02 9.0 1.0 3.62 1.2 377.0 28,2 2.6 19.5 42.4 .5 6.0 101.51
01/26/88 .99 10.0 10.0 .79 1.4 439.0 .8 23.2 20.5 36.6 9.7 6.0 102.22
02/09/88 2 7.0 8.0 5.78 1.6 1023.0 2.2 35.7 18.6 3.6 10.1 5.0 102.23
03/01/88 3.78 1.0 11.0 5.74 N.D.  520.0 82.4 23.0 13.2 50.1 13.6 1.3 102.28
03/23/88 2.688 9.0 9.0 5.2 ND. 243.0 70.4 2.6 18.7 .7 10.0 .3 101.H4
Mazisum 3.59 7.0 14.0 5.92 1.7 1023.0 103.0 35.7 21,2 52.3 14.4 30.3 102.28
Ninisua 2.88 7.0 1.0 4.70 N.D. 43¢ 19.8 20.4 12.9 35.6 9.7 1.3 100.73
Hean 4.05 11.3 10.0 5.43 1.0 535.4 S1.4 4.9 18.3 .5 1.1 6.8 101.64
Std. Dev.  0.82 2.9 2.1 0.44 0.6 2420 2.2 4.3 2.9 5.5 - L6 8.5 0.57
cv. . 202 26.0 21.1 8.05 58.9 46.1 52.8 17.4 6.0 12.3 14.8 14,0 0.5
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DATE Y.L TENP TEnp pH NH3-M  SPEC. NM3-N  ICH 1002 1MW SAS  BARD.
(meters) LEACH 6AS LEACH COMDUCT.  6AS FLON  PRESS.
(usho/ca) (ppb) (L/nin)  (KPa)
F2 SIRIDE
08/09/87 1.06 12.0 20.0 6.40 21 - 9.4 57.0 15.8 2.2 4.5 -
08/27/87 1.07 12.0 2.0 6.26 {.8  1182.0 101.2 35.6 16.1 2.3 2.0 101.78
09/10/87 .11 12.0 18.0 6.33 4.1 1149.0 192,86 59.9 17.1 2.0 0.9 101.24
09/24/81 1.16 12.0 16.0 6.26 2 M0 186.8 48.6 16.3 30.1 4.0 101.2¢
10/07/87 .21 "12.0 21.0 6.18 3.6 1167.0  209.4 36.3 27.9 14.7 2.4 101.91
10/22/81 1.32 12.0 16.0 6.18 L1 120 12.8 38.5 16.9 n.2 3.0 toz.88
11/12/87 1.42 12.0 15.0 6.38 1.9 1107.0 98.8 35.6 15.9 5.3 6.0 1o1.81
11/26/81 7.0t 1.3 13.0 3.67 0.7 9%2.0 14.6 9.6 13.7 2.9 t2.0  102.21
12/15/87 6.78 {1.5 12.0 5.47 1.0 785.0 42.6 32.0 15.4 . 48.9 5.0 100.90
12/31/87 6.77 11.5 11.0 6.22 2.4 11020 77.4 42.0 13.8 38.7 D, 10178
01/14/88 6.76 11.5 8.0 6.20 2.6 1029.0 46.0 58.8 19.8 2.4 37.8  100.63
01/28/88 6.79 12.5 1.0 6.26 4.1 12100 101.6 2.8 20.2 50.3 5.4 101.44
02/11/88 7.00 12.0 12.0 6.2 4.6 139.0 117.2 41.0 16.0 38.4 6.0 102.49
03/03/88 7.18 12.5 10.0 6.24 3.0 1245.0 86.0 8.8 3.7 §9.4 0. 102.01
03/31/88 6.66 12.0 12.0 6.28 3.2 1341.0 91.0 29.9 18.1 52.0 1.9 102.55
Naxiaus 1.42 125 _21.0 6.40 3.0 1340 209.4 9.9 21.9 £9.4 37.8 102.88
Hininun 6.66 1.5 8.0 .47 0.7 T7BS.0 42.6 8.8 3.7 14.7 %D, 100.63
Nean 1.02 1.9 14.3 6.18 2.8 11259 104.4 45.8 16.6 3.7 6.1 101.78
Std. Dev. 0.22 0.3 3.9 0.25 1.3 1482 46.4 15.3 4.7 14.9 9.0 0.62
c.v. 3.1t 2.6 2.2 4.03 41.2 3.2 4.4 1.5 28.4 “.1 148.3 0.61
F3 SIRIDE
08/09/87 8.4 12.0 18.0 6.30 - 24,0 56.6 17.0 25.4 1.9 -
08/21/87 8.57 12.0 18.0 6.18 993.0  210.6 37.2 16.3 5.0 2.0 101.84
09/10/87 8.59 12.9 20.0 6.12 999.0  242.6 60.9 18.1 21.0 1.5 10117
09/24/87 8.39 12.0 17.0 6.24 9.0  162.6 2.0 10.4 46.8 D 101,24
10/07/87 8.60 12.0 17.0 6.13 1030.0 70.6 36.7 2.9 15.9 4.0 101.84
10/22/87 8.6t 1.5 16.0 6.21 9%%5.0  128.8 60.6 16.0 2.1 4.0 102.09
11/12/87 8.63 12.0 15.0 6.40 815.0  133.4 .7 14.6 21.2 8.6 101,78
11/26/87 8.06 1.3 12,0 6.21 1982.0  110.4 38.0 15.4 4.2 10.0 102,25
12/15/87 .30 12,0 11.0 3.54 1091.0 59.6 48.7 17.7 30.0 3.3 100.80
12/31/87 1.13 12.5 9.0 6.01 a4t.0 75.8 §2.3 14.6 9.2 nD. 101.78
01/14/88 1.14 12.0 10.0 5.92 497.0 56.4 48.6 13.5 n.7 1.9 100.53
01/28/88 1.10 12.5 13.0 6.14 .0 5.4 5.4 1.9 34.3 1.3 10t.47
02/22/88 6.82 12.5 12.0 6.17 835.0 62.2 4.5 9.6 46.2 3.3 102.45
03/03/88 7.53 12.0 12.0 6.32 600.0 33.8 17.1 4.9 61.8 ND. 102,05
03/31/88 1.28 13.0 1.0 634 10i8.0 77.8 4.6 12.1 57.5 2.0 102,59
Haxisua 8.63 13.0 20.0 6.40 1982.0  242.6 60.9 25.9 61.8 10.0  102.59
Niniaua 6.82 1.3 9.0 5.84 491.0 33.8 17.1 4.9 15.9 N.D.  100.53
Hean 1.90 12.1 4.1 6.17 4.9  125.8 45.9 14.3 .6 29 10171
Std. Dev.  0.89 0.4 3.3 0.15 .8 66.6 14.4 4.8 14.2 2.8 0.58
c.v. 8.76 3.t 3.4 2.41 n.8 33.0 3.4 1.8 4.0 9.3

0.5

[
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DATE Wi, Tewp pH NH3-N  SPEC. NM3-N  ICH4 1C02 1IW2 102 BARD.
(aeters)  LEACH GAS LEACH CONDUCT.  6AS PRESS.

(sg/L) (uaho/cm) (ppb) (KPa)

F6 STRIBE
10/22/871  17.10 13.5 6.11 2.4 20%8.0 1136 2.9 16.3 4.7 12.2 102,15
11712187 16.28 14.0 6.08 15.3 940 2454 1.6 1.3 70.1 18.8 101.74
11/26/87  16.10 12.5 3.33 9.0 100t.0  202.2 0.0 .1 1.9 1.0 102.25
12/15/87 15,52 12.5 3.47 14.6 1066.0 82.2 0.0 0.4 18.2 21.4 100.77
12731181 16.32 10.0 5.89 15.0 733.0 60.2 0.0 0.0 18.3 .7 1 101,81
01/14/88  16.43 10.0 . 4.8 746.0 35.6 0.0 11.0 78.6 20.4 100.50
01/28/88  15.75 11.5 5.88 15.4 8.0 257.4 0.0 1.2 2.1 a.1 101.54
o2/11/88 15,39 1.0 5.78 2.2 8.0 - - - - - -
03/03/88  15.68 1.3 3.8 15.7 813.0 63.2 0.0 0.0 18.6 2.4 102.13
Kazisua 17.10 14.0 6.11 2.4 20%8.0 257.4 22.9 16.3 78.6 21.7 102.25
Minisun 15.39 10.0 3.3 4.6 746.0 3.6 0.0 0.0 2.1 12.2 100.50
Rean 16.06 1.8 5.7 16.9 1027.7 132.8 3.8 4.2 66.4 19.8 101.61
Std. Dev. 0.51 1.3 0.24 L7 M8 3.2 1.6 5.7 19.7 3.0 0.61
C.v. 3.16 11.3 411 15.9 8.2 3.3 200.2  136.5 2.6 15.1 0.61
F7 STRIDE
08/27/871 18,08 14.0 6.25 15.4 1083.0 239.8 33.9 LX) 2.3 1.4 101.81
09/10/87  18.10 15.0 6.28 18.8  1055.0  244.4 96.7 2.6 18.5 2.1 101.24
03/24/87  18.16 14.0 6.16 14.0 8.0 120.9 -~ -~ -- - 10.27
10/07/87  18.19 12.0 6.17 3.4 970.0 97.4 62.2 1.l 13.4 1.3 101.78
10/22/81  18.27 14.0 6.16 1.6 97.0 119.0 60.9 a1 4.5 1.3 102.11
11/12/87 18,25 13.0 6.37 123  845.0 193.8 52.5 2.8 20,2 1.6 101.74
117267871 18,27 13.0 3.40 10.0 6440 228.2 4.9 .2 30.0 2.0 102.25
115187 11.54 15.0 6.18 14.0  1382.0 49.2 60.5 2.3 13.6 0.3 100.73
12/31/87 17,44 14.0 6.17 14.0 1265.0 2.8 43.2 2.2 3.2 4.3 101.78
01/14/88  17.45 15.0 6.22 13.4  116).0 43.6 St.4 2.5 26.0 0.0 100.50
01/28/88  17.08 14.0 6.31 9.3 1081.6  161.¢4 49.4 1.7 .0 8.9 101.57
02/11/88 17,9 14.0 6.28 12.9 13010  299.4 69.7 10.1 16.3 3.9 102.45 -

03/03/88 18,33 14.5 6.31 $.3 1280 69.2 $2.5 18.9 2.9 5.7 102.11
03/31/88  18.11 14.5 6.27 20.7 1183.0 - 39.6 24.9 15.8 49.3 10.0 102.59
Maxisus 18.19 13.0 6.28 18.8 1083.0  299.4 62.2 U4 203 2.1 101.81
Hinisua 17.08 12.0 -5.40 9.5 6440 3%.6 24.9 1.1 13.4 0.0 100.50
Mean 1.4 140, 6.19 15,4 1078.3 424 325 2.1 a.0 1.3 10171
Std, Dev.  0.38 0.8 0.23 6.2 %.2 85.8 10.6 5.4 9.7 3.0 0.59
C.v. 2.12 3.9 .72 40.5 7.8 "#9.8 0.2 %7 40.4 9.8 0.58
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DATE [ TEwP TENP MH3-N  SPEC. MHI-N  1CHM4 IC02 1M §AS  BARO.
(neters)  LEACH 6AS 6AS FLON  PRESS.

(ppb) (L/ain)  (KPa)
08/27/81 - - 20.0 184.6 §2.7 4.6 20.8 1.9 2.6 1009t
09/10/87 - - 26.0 354.8 §7.6 4.7 16.2 1.3 2.3 101.24
03/24/87 - - 7.0 219.0 62.0 3.0 2.1 0.9 6.0 101,24
10/07187 - - 19.0 159.0 50.3 4.1 22.8 2.5 1.5 101.81
10/22/87 - - 16.0 67.4 u.1 1.5 52.0 12.3 6.0 102,11
112187 -~ - 15.0 176.2 30.0 14.4 47.3 8.3 1.5 101,78
11726/87 - -- 14.0 122.0 49.7 1.2 4.4 2.1 15.0 102,25
12/15/87 3.1 12.0 9.0 30.0 4.1 .1 15.6 3.1 8.8 100.66
/387 3.n 2.0 9.0 159.4 65.9 20.8 119} 1.7 N3, 101,78
01/14/88  13.69 12.0 8.0 50.8 66.4 26.3 1.3 0.0 15.4  100.50
01/28/88  13.69 12.0 1.0 188.4 4.3 20.9 19.9 4.9 4.3 101.64
02/11/88  13.94 10.0 9.0 n.2 80.7 1.1 20.5 4.8 8.6 102,45
03/03/88  14.00 12.0 11.0 §9.8 - - -- - N.D. 102,035
03/31/88 14,05 10.0 1.0 .4 30.6 14.7 46.2 8.5 3.7 102.5%
Raxisua i4.05 12.0 26.0 354.8 66.4 37.1 52.0 15.4  102.60
Kinisus 13.69 10.0 0.0 30.0 4.1 11.5 1.3 N.D. 100,50
Mean 13.83 1.4 10.8 131.4 49.9 21,6 4.4 5.8 101,70
Std.Dev. 0.15 0.9 7.3 85.2 13.4 6.6 14.4 4.7 0.60
C.v, 1.08 7.9 67.4 64.8 2.9 2.6 37.8 8.0 59.77
08/09/87 8.44 14.0 20,0 6.20 254.8 13.9 u.2 %0.7 2.0 -
08721187 8.63 14.0 20.0 6.04 278.8 17.7 A.7 49.9 N.D. 101.68
09/10/87 8.68 13.0 25.0 6.00 2830 19.3 2.8 41.7 1.0 101,10
09/24/87 8.79 13.0 19.0 6.14 9.0 15.9 2.9 §3.3 2.4 101,27
10/07/87 8.84 13.0 24.0 3.98 112.0 2.4 3.0 43.9 2.0 101,74
Maxisus 8.84 4.0 25.0 6.20 70.8 n.4 .2 3.3 2.4 101,74
Ninisua 8.44 13.0 19.0 5.98 24.3 13.9 28.9 43.9 KD, 101,10
Hean 8.68  13.¢4 1.6 6.07 3.4 17.8 .7 49.1 1.3 101,45
Std. Dev.  0.34 0.5 2.4 0.08 20,7 2.9 1.9 3.2 0.9 0.27
c.v. 1.61 3.7 11.2 .39 40,2 16.4 - 6.1 6.4 9.0 0.27
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BATE 6L, Tenp Tenp pH NH3-N  SPEC.  MM3-N I CH 1 C02 I N2 10 6AS BARG,

(meters)  LEACH 6AS LEACH COMNDUCT.  6AS FLOW  PRESS.

(ag/L) (unho/cn) {ppb) (L/uin)  (KPa)

BA RICHMOND
08/14/87 3.36 19.0 23.0 6.36  100.8 - 33.0 35.0 41.9 2.8 0.3 6.0 -
09/01/87 3.47 20.0 2.0 6.40  122.1 - 33010  283.4 36.3 4.7 0.0 0.0 2.3 102,25
09/15/87 .37 19.0 21.0 - 6.62 152.3 3B8S.0 75.4 53.8 42.0 3.4 0.9 15.1  101.84
03/29/81 1.8t 2.0 4.0 6.51  I53.4 3.0 231.8 .9 42.5 2.0 0.8 9.3 102.22
10/13/87 M 19.0 2.0 6.32 182.6 47%3.0  102.8 33.5 2.1 15 0.9 10.3 101,91
11/03/87 3.55 20.0 18.0 6.83 183.7 4412.0 129.0 46.4 3.9 12.3 34 6.0 102.15
117187 3.48 18.5 17.0 6.2 67.2  2630.0 N.0. 52.7 40.6 5.2 1.4 5.0 101.5¢
12/01/87 .33 16.3 14.0 .1 43.7  2100.0 N.0. 47.1 3.6 11.0 32 18.1  100.86
12/24/87 .50 14.5 12.0 5.97 39.2 12,0 9.2 43.1 N7 12.3 4.9 38.6  102.05
01/06/88 .26 19.¢ 9.0 6.08 46.1  1528.0 30.2 46.5 37.0 12.9 1.7 45.9  102.32
01/19/88 3.0 14,0 7.0 6.07 37.8  1310.0 36.4 50.4 9.3 8.2 2.1 2.4 101.98
02/02/88 2.88 10.5 1.0 6.16 8.2 17%.0 4.2 40.3 1.5 20.5 5.8 5.7 1023
02/24/88 .11 13.0 15.0 5.70 19.0  600.0 61.8 36.6 43.4 Tr 0.0 38.6 102.59
03/15/88 .28 14.0 16.0 5.8¢ 18.5 9.0 3%.0 4.4 3.2 1.2 3.2 3.9 102.19
04/05/88 2.82 11.5 10.0 5.89 15.4  1105.0 19.6 50.7 40.6 8.8 0.0 56.6  102.11
Marisun 3.9 20.0 2.0 6.83 183.7 47%.0 335.0 36.6 43.7 20.5 3.8 3.9 102.79
Ninisus 2.82 10.5 - 7.0 5.70 15.4  600.0 KD, 40.3 3.3 0.0 0.0 5.0 100.86
Nean .3 16.3 16.3 6.20 2.7 431 9.8 30.4 1.7 1.9 2.0 21.9  102.07
Std. Dev.  0.24 3.2 6.5 0.33 39.0  133%.8 9.4 4.8 3.0 6.0 1.8 21.2 0.45
c.y. 1.21 19.3 .6 .32 n.4¢ 8.0 109.5 9.3 1.6 75.9 %0.3 76.0 0.44
D9 RICHNOND

08/14/87 3.09 21.0 21.0 6.713 424 - 23.8 J2.4 42.2 39 1.5 94.4 -
03/01187 4.8 7.0 2.9 6.80 378.0 83430 280.2 S2.4 41.8 4.5 1,2 106.2 102.28
09/15/87 4.40 26.0 25.0 6.72 411.6 8679.0 19.0 52.8 42.0 4.1 t.1 89.4 101.88
093/29/87 4.85 27.0 2.0 6.83 3976 8135.0 118.6  51.9 41.2 3.5 1.3 .4 102.28
10/13/87 4.93 26.0 31.0 1.571  406.0 7785.0 35.8 S6.1 43.9 0.0 0.0 49.2  101.9¢
11703/87 4.85 28.0 2.0 7.10 3.8 6566.0 2.6 4.5 3.9 4.6 4.0 73.9 102,11
11787 4.9 28.0 21.0 6.86 318.2 59%43.0 170.6 5.0 41.0 6.3 .7 1214 101.57
12/01/87 5.0t .3 20.0 6.33  137.2 3229.0 ~ N.D. sL.S 42.0 5.0 1,5 183.7 100.86
12/24/88 4.2 %.0 22,0 5.48 414 12510 39.8 48.0 3.2 1.6 3.3 l4l.6 102,08
01/06/88 4.3 %.0 .0 §.72 327.6 S89.0 11.8 “.7 M5 16.1 4.7 140 . 102.28
01/19/88 .92 2.0 16.0 6.2t 123.2 267.0 4.6 52.5 39.0 6.7 1.7 9.4 102.08
02/02/88 2 e 17.0 6.8t 4255 1430 .4 48.7 3.6 1.7 3.0 149.0  102.32
02/24/88 .52 4.5 19.0 6.8¢  459.2 79R0.0 MO, 51.3 42.7 Tr 0.0 147.8 102,5%
03/15/88 .9 5.0 21.0 6.9 J96.4 10493.0  205.8 49.1 3.8 1.9 L1 1743 1027
04/05/88 3.19 20.0 16.0 6.64 232.4 53410 w0, “e W7 16.2 4.3 163.4 102,11
Maxisun 3.0 2.0 32.0 7.37  §96.4 10493.0  280.2 §1.3 4.9 16.2 4.7 18,7 102.92
Nioisun 3.19 20.0 16.0 3.48 e 12510 1. 4.5 .5 0.0 0.0 49.2  100.86
Bean 4.40 8.7 2.3 6.71  339.4 6418.7 .4 0.5 © 3.4 1.9 2.2 121.8 102.09
Std. Dev.  0.58 2.1 5.1 0.4¢ 1425 um.9 81.4 3.7 3.1 3.2 1.4 38.1 0.46
c.v. 13.08 8.0 2.8 6.61 42.0 3.7 109.2 1.4 1.8 66.4 65.5 31.2 0.45
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DATE L. Texp TENP pH NH3-N  SPEC. MH3-N I CHe 1002 I N2 102 6AS BARD.

(meters) LEACH 6AS LEACH CONDICT.  G6AS FLON  PRESS.

(ng/L) (usho/ca) (ppb) (L/ain)  (KPa)

C6 RICHMOND
08/14/97 2.14 2.0 1.0 6.39 33.6 -- ND. 4.2 42.5 2.6 0.7 130.7 -~
09/01/87 2.07 4.9 26.0 6.42 23.5 2732.0  141.0 53.0 2.6 3.5 0.9 194.2 102.28
09/15/87 .13 3.0 1.0 6.65 4.6 282.0 17.6 35.4 4.6 0.0 0.0 .7 101,88
09/29/81 .22 23.0 26.0 6.23 8.4 2695.0  266.2 4.1 42.6 2.6 0.7 9.4 102.38
10/13/87 2.5 5.0 5.0 6.01 14.0 29820 119.2  55.8 “.2 0.0 0.0 8.6 101.84
11703187 2.69 4.0 2.0 6.43 33.9  2740.0 74.8 50.3 40.4 1.3 2.0 85.0 102.08
tiLner 2.3 24.0 2.0 3.78 3.0 1633.0 13.4 §3.0 41.2 4.5 1.2 169.9 101.61
12/01/87 2.04 18.5 25.0 5.9 8.4 1921.0 N.D. 90.3 39.6 1.6 2.3 S1.§ 100.83
12/24/87 .23 14.5 2.0 6.28 9.0 1772.0 14.4 49.8 3.7 8.9 2.7 20.0 102.05
01/06/88 3.10 14.0 12.0 6.11 8.1 1544.0 1.4 41.7 35.9 12.9 3.5 18.3  102.25
01/19/88 2.26 16.0 12.0 6.24 9.5 1658.0 62.6 .2 W9 17.1 4.0 4.7 102,05
02/02/68 2.3 13.0 12.0 6.17 16.8  2177.0 14.8 4.2 .5 16.9 4.4  236.0 102.29
02/24/88 2.49 15.0 17.0 6.24 16.8 1850.0 40.6 37.2 42.8 {4 0.0 195.4 102.72
03/15/88 .46 21.0 17.0 6.08 18.3 2268.0  119.0 §7.2 42.9 Ir 0.0 288.0 102.9
04/05/88 2.89 16.0 12.0 3.70 9.9 281.0 14.2 3.6 .7 3.4 1.3 278.6  102.0t
Maxinue 3.10 %5.0 26.0 6.63 33.9  2982.0  266.2 57,2 4.5 7.1 4.4 288.0 102.96
Ninioua 2.04 40 %0 3.70 5.0 15440 N0, .2 NS 0.0 0.0 18.5  100.83
Hean 2.38 19.7 19.1 6.18 16.0 2220.8 68.6 32.0 40.5 6.0 1.6 126.1 102,09
Std. Dev. 0.28 4.1 6.1 0.25 8.9 482.2 69.2 4.0 1.2 3.6 1.3 9.4 0.48
c.v. 11.59 20.7 3.8 4.00 35.9 4.7 100.8 7.8 1.8 94.8 92.0 72,5 0.47
67 RICHMOND

08/14/87 3.% 1.0 2.0 6.38 “.8 = 136.6 33.2 40.2 6.0 1.6 10.5 -~
09/01/87 4.05 2.0 29.0 6.48 73.9  M26.0 271.2 32.6 41.9 4.3 1.1 21.3  102.32
09/15/87 4.27 .0 2.0 6.41 128.8 3810.0 80.4 36.6 3.4 0.0 0.0 4.0 10t.88
09/29187 4.27 2.0 25.0 6,53 123.2 3760 173.2 55.6 4.0 1.9 0.5 12,0 102.49
10/13/87 4.28 2.0 2.0 6.47  123.2 4023.0 124.8 52.6 40.7 3.6 t.3 8.6 101.88
11/03/87 441 2.0 23.0 6.64  166.7 4068.0 T4.4 49.6 3.5 9.3 .6 12.0  102.08
t/11197 4.43 1.0 17.0 6,52  168.0 4166.0 18.8 47.4 3.0 11.5 11 245.7 101,37
12/01/87 4.2 19.5 14.0 6.12 32.6 2514.0 R0 49.4 8.2 9.6 2.8 12.0  100.86
12/24/87 415 15.0 8.0 6.13 14.6 1397.0 10.6 46.7 i.5 14.¢ 3.7 2.2 102.05
01/08/88 4.12 21.0 14.0 6.13 29.1  1460.0 2.2 46.0 3.2 12.4 - 3.4 12,0 102.22
01/19/88 410 2.0 14.0 6.02 8.0 13130 2.0 48.9 38.2 18.8 4.3 4.3 102.18
02/02/88 4100 18,0 12.0 6.11 5.8 1835.0 N0, 45.1 35.0 16.0 4.0 2.0 102.32
02/24/88 .93 2.0 12.0 6.08 21.3  1132.0 - 45.2 U5 16.3 4.0 8.6 102.65
03/15/88 3.5 20.0 16.0 6.03 26.9 1621.0  186.4 Si.7 38.6 1.1 1.9 27,0 102.96
04/05/88 d.64 13.3 1t.0 an 3.4 6970 N.D. - -- - - 2.4 101.98
Nazisua L3 .0 29.0 6.64  168.0 4166.0 271.2 96.6 43.4 18.8 4.3 2.0 102.9%
Hinisun 3.95 13.3 8.0 §.92 .4 632.0 N.D. 5.0 AHS 0.0 0.0 2.2 100.86
Mean 4.10 20.1 18.0 6.28 68.7 514.1 76.2 50.0 3.8 .5 . 2.5 12.3 102,10
Std. Dev.  0.24 2.6 6.4 0.24 33.5  1248.9 .6 1.6 2.6 5.4 1.3 1.9 0.48
c.v. 5.89 13.1 35.8 .75 80.8 49.7  109.9 1.2 6.6 57.1 3.0 64.1 0.47
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DATE v.L. TENP TeEnp pH MH3-N  SPEC.  MHI-N 1 CH4 X CO2 1M 102 GAS BARQ.
(weters)  LEACH 6AS LEACH COMDUCT.  6AS FLOW  PRESS.
(sg/L) (ushoics) (ppb} (L/nin)  (XP3)

b

08/14/87 1.4 23.0 25.0 6.71  117.6 -- 47.2 53.8 42.1 4.0 0.0 15.0 -
®/0t/87 3.58 4.0 29.0 8.74 131 42,0 1%.8 §3.6 40.1 4.9 t.3 3[4 102,15
0913/87 .75 1.0 26.0 6.50 1344 4392.0 N.D. §7.2 4.8 0.0 0.0 85.0 102.11
09/29/87 3.82 25.0 2.0 6.54 121.0 42%5.0 85.2 32.4 3.6 6.3 1.7 2.0 102.32
10/13/87 3.86 5.0 28.0 6.96  122.1 4579.0  101.8 54.2 41.7 4.0 0.0 12.0  102.00
11703/87 4.08 2.0 2.0 6.72 114.2 4046.0 123.6 52.2 40.1 6.1 1.7 12,6 102.08
11781 4.1 25.0 18.0 6,61 91.8  4219.0 19.4 30.7 39.2 1.9 2.2 5.4 10197
12/01/87 3.60 20.0 16.0 6.62  110.9 23915.0 N.0. §3.8 4.3 1.8 1.2 15.0  100.99
12124487 3.0 21.0 12.0 6.68 81.8  23426.0 14.6 54.4 39.6 4.6 R 15.0  102.05°
01/06/88 3.30 22.5 16.0 6.64 119.8 3776.0 3.6 42.4 4.1 13.1 3.3 8.6 lo2.22
01/19/88 3.26 2.0 14.0 6.55 113.1 3713.0 17.4 41.2 38.9 15.9 4.0 10.0  102.24
02/02/88 .12 19.0 17.0 6.40 101.9 3955.0 2.2 43.7 3.7 14.9 4.7 15.0 102.29
02/24/88 3.0 2.0 9.0 6.62 87.4 3087.0 - - -- - - 1.5 10272
03/15/88 2.97 19.0 13.0 6.3 98.6 34%.0 .2 3%.8 -4l 2.1 0 47.2  102.92
04/05/88 2.9 15.5 12.0 6.14 26.3  1399.0 93.8 53.9 39.6 3.2 1.3 3.0 102.01
Haxiaun 4.1 8.0 0.0 6.74  134.4 4519.0 15.8 37.2 2.8 13.9 4.7 8.0 102.92
Kinimus 2.9 15.5 12.0 6.14 26.3  1399.0 N.D. 4.2 3.7 0.0 0.0 5.0 100.89
Hean 3.46 2.0 19.9 6.36  103.6 3713 7.4 3.3 40.4 6.6 L6 2.5 102.11
Std. Dev. 039 2.7 3.9 0.15 4.9 Mg 4.4 13.7 10.2 4.7 1.3 20.3 0.46
t.v. 11,26 12.4 9.8 .33 1.0 2.6 82.6 2.5 2%.9 16.5 9.7 90.1 0.45
B.53 RICHNOND

08/14/87 2.32 4.0 21.0 6.68  145.6 - 2.2 44.6 46.4 1.2 1.8 23.0 -
09/01/81 2.26 4.0 1.0 6.58 121.0 uRN.0  203.8 49.5 3.8 8.4 2.3 18.9 10211
09/15/87 2.43 2.0 21.0 6.6  145.6 3800.0 N.D. 50.9 40.8 6.5 1.8 13.6 102.11
09/29/81 .23 5.0 28.0 6.49  112.0 3362.0 ND. 35.0 42.5 1.9 0.3 12.1 102.2
10/13/87 2.40 1.0 22.0 6.30 98.6 3400.0 171.2 54.1 43.3 2.7 0.0 8.8 101.84
11/03/81 .22 2.0 2.0 6.48 13.9  2620.0 2.6 52.8 41.2 4.7 1.3 1.0 102.05
tin7e 2.1 25.0 20.0 6.45 108.6 2973.0 52.4 52.0 40.4 6.0 1.8 7.9 101.61
12/01/97 .79 23.0 15.0 6.34 3571 2410.0 N.D. 48.4 3.0 10.5 Lt 8.6 100.89
12/24181 1.7 18.0 8.0 6.4 4.7 192.0 20.4 At 14.8 50.2 13.9 1.7 102.05
01/06/88 2.70 18.0 10.0 6.38 3.7 17113.0 38.2 14.7 1.3 9.1 14.9 ND.  102.18
01/19/88 2.68 14.0 14.0 6.3 46.2 1386.0 .4 12,6 9.9 64.5 13.0 2.0 102.35
02/02/88 .79 16.0 10.0 6.22 2.4 13K.0 17.0 Tr 2.2 1.9 19.9 1.3 102.25
02/24/88 2.06 17.5 14.0 6.46 1.2 6.0 -- 0.0 0.0 8.5 4.5 ND. 102.75

03/13/88 1,36 7.0 7.0 6.22 6.2  845.0 38.6 0.0 6.4 73.5 0.0 ND. 102.92
04/05/88 1.67 14.5 8.0 6.20 3.6 8210 -- -~ -- -~ - - -

Haxinus 2.70 2.0 3.0 6.68  145.6 3800.0  203.8 35.0 46.4 8.5 2.5 2.0 102.92
Nininuz 1.36 14.0 8.0 6.20 3.6 6.0 N.D. 0.0 - 0.0 1.9 0.0 N.D. 100.89
Nean 2.16 0.7 18.7 6.4{ 68.6 2212.7 46.0 2.6 2.9 32.3 8.3 1.5ttt
Std. Dev.  0.36 4.2 8.0 0.4 48.5 10374 60.8 22.0 17.3 .t 8.1 1.1 0.48
c.v. 16.74 20.3 4.7 2.14 70.7 6.8 1321 67.7 64.3 96.3 9.8 M.2 0.47
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DATE N.L. TEnp TENP pH NH3-N  SPEC. NH3-X 1 CH4 1CO2 LI N2 102 6AS BARO.

(neters)  LEACH 6AS LEACH COMBUCT,  GAS FLOM  PRESS.

(ng/L) (usho/cm) (ppb) (U/sin)  (KP3)

P1 PREMIER
08/20/87  13.48 22,0 23.0 6.72 213.9 6683.0 9.4 25.0 17.1 45.3 12.6 0.6 101.64
09/03/87  13.47 2.0 20.0 6.80 254.8 65120 81.6 28.9 21.5 3.4 10,2 0.6 102,43
09/17/87  13.48 24.0 20.0 6.47  285.6 £409.0 1B4.6 13.6 1.8 58.4 16.2 2.4 102,25
10/01/87 14.13 2.0 21.0 6.54 238.6 6264.0 1.4 3.1 24.9 3.5 8.6 3.0 101.78
10/15/87 14,28 2.0 18.0 6,57  233.3 6460.0 75.4 27,0 20.0 4.6 11.4 3.0 102.42
11/05/87 14.07 2.5 17.0 6.61 218.4  £337.0 141.6 30.3 2.3 37.1 10.2 2.4 101.78
11719/87 13.82 22.0 15.0 6.48  212.8 6069.0 84.2 24.4 17.7 45.3 12.8 2.4 101,98
12/03/87 14.33 21,0 14.0 6.63  208.3 $470.0 17.8 7.2 6.4 67.9 18.8 1.3 100,83
1222181 13.40 21.5 10.0 6,72 235.2 6800 42.8 20.6 13.1 $0.5 13.8 2.1 1017t
01/05/88 13.44 2.0 12.0 6.8t 231.5 56220 63.8 12.1 10.5 60.5 16.9 1.3 101.84
01/20/88  13.70 22.5 11.0 6.69  246.4 58%0.0 45.2 Tr 9.9 70.7 19.4 0.9 102.23
02/04/88 13.34 2.0 15.0 6.67  234.2 3915.0 58.8 4.7 3.9 72.5 | 18.8 3.3 103.00
02/23/88 13.32 2.5 12.0 6.36  246.4 5188.0  134.4 10.6 1.6 64.1 17.7 2.0 102.55
03/11/88 13,12 2.0 17.0 6.60  235,7 6063.0 82.8 18.0 13.3 34.2 14.4 1.5 102.86
04/07/88  13.34 22.0 12.¢ 6.54 175.5 5125.0 45.4 0.0 0.9 1.1 21.4 1.2 102.59
Haxinue 14.33 4.0 2.0 6.81 285.6 6683.0 184.6 k< 4.9 17.1 U4 3.3 103.00
Hinisua 13.12 a.0 - 10.0 6.47 175.5 SI25.0 17.8 0.0 0.9 .5 8.6 0.6 100.83
Ream 13.635 .2 15.8 6.63 234.0 6083.9 84.4 17.0 13.5 34.6 14.9 1.9 102,13
Std. Dev. 0.37 0.7 3.9 0.10 25,2 4.0 42.4 10.7 6.9 13.6 3.8 0.9 0.54
c.v. .73 3.4 4.6 1.4 10.7 8.2 5.3 62.7 50.8 4.9 5.3 43.7 0.53
P2 PRENIER

08/20/87  11.04 2.0 20.0 6.74  221.8 64110  145.0 61.7 38.3 0.0 0.0 1.4 102,01
09/03/87  11.07 U0 2.0 6.79 249.2 63%0.0 86.0 98.8 3%.9 3.4 0.9 .4 102,35
09/17/87 11.19 3.0 23.0 6.54 280.0 6193.0 174.6 50.3 32,1 13.6 3.8 3.0 102.18
10/701/87 11.33 1.0 22.0 6.68  236.3 6180.0 N.D. 58.8 3.7 2.8 0.8 6.0 101.98
10/15/87 12,55 4.0 19.0 6.61  237.1 6467.0 1124 2.4 .2 10.4 2.9 5.0 . 102.52
11705/87 11.M4 4.0 21.0 6.63  234.1 64130 191.0 52.7 3.1 9.5 2.6 8.6 101.81
11/19/87 11.46 3.5 18.0 6.47  221.4 3.0 48.4 35.3 2.5 32.1 8.9 3.3 101.98
12/03/97  10.68 2.0 13.0 6.60 173.6 4%44.0 4.0 - 3.9 2.6 13.1 2.3 2.1 100.83
12/22/187  10.79 2.3 10.0 6.72 212.8 6BO1.0 44.2 20.7 13.8 51.5 14.0 1.3 10,71
01/05/88  10.04 3.0 15.0 6.76  201.6 4880.0 143.6 1.5 S.1 68.6 18.9 1.7 101.88
01/20/88  10.37 .0 15.0 6.67 213.9 4813.0 32.2 Tr 4.2 75.2 20.6 1.3 102,15
02/04/88 10.28 - 22.0 12.0 6.7 23t.8 35499.0 46.8 1.4 1.0 §9.2 16.4 2.7 103.03
02/23/88 9.78 2.5 14.0 6.67  182.9 4009.0 43.0 Tr 13.5 68.1 18.5 3.3 102,39
03/17/88 .79 2.0 15.0 6.66 22,7 SIB.O  104.6 Tr 8.1 12.2 19.8 2.0 102,96
04/07/88 9.58 20.0 12.0 6.51 113.9 JIM3.0 2.6 Tr 2.0 76.8 2.2 1.7 102,59
Maxinua 12,55 2.0 2.0 6.79 280.0 66010  191.0 6l.7 38.3 76.8 2.2 8.6 103.03
Kiniaus 9.58 20.0 10.0 6.47 113.9 3143.0 N.D. Tr 2.0 0.0 0.0 1.3 100.83
Hean 10.79 2.6 16.7 6.65  217.3 5524.6 85.0 27.3 19.6 4.8 11,3 3.0 102.17
Std. Dev. 0.81 1.4 4.0 0.09 37.4 918.2 56.0 25.0 4.2 30.7 8.3 2.0 0.53
C.v. 7.53 6.3 4.1 .37 17.2 16.6 63.7 9.7 72.2 13.6 713.4 66.7 0.52
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APPENDIX E - TABLES OF VARIABLES CALCULATED OR ESTIMATED
FROM BASIC DATA

DATE N2/02 CH4 FLUX CO2 FLUX  BAS TONIC  ACTIVITY  pKa pKi pKv NH3-N  NH3-N
RATIO (kg CH4/ (kg CO2/ DENSITY STRENGTH COEFF. (molar W/ GAMHA

day-ca2) day-cal) (kg/a3) gamad gammd)  (ug/L)

F1 MATSQUI
08/05/87  10.62 2.4132 5.63%0 1.28t -- -- - - -- - -
08/25/87  10.92 5.9866 12.2826 1.247 -- - - - - -- -
09/08/87 10,86 4.8962 10.7100  1.262 - - - - - - -
09/22/87  10.70 ~ 4.9803 11.3468 {.273 -- - - - - -- --
10/06/87  15.82 3.5527 8.353¢ 1.278 -- -- -~ - - -- --
10/20/87  12.18 2.9773 6.8552 1.273 - -- -- -- -- - --
11/10/87 9.81 3.5430 8.3634 1.278 - -- - - -~ -- -
11724187 3.92 - 4.1266 9.1664  1.271 -~ -- -- -- -~ - --
12/08/87 4,57 1.5385 3.2180 1,258 - - - - - -- --
12/29/87 373 1.2970 2.5868  1.241 - -- -- -- -- - -
01/12/88 8.86 1.8128 5.499%6 1,329 0.3846 0.64 9.84 4.87 14,71 4,95E-05  B43.4
- 01/26/88 9.13  4,0341 11.6714 1322 0.3302 0.63 9.70 4.86  14.56 4,95E-05  843.5
02/09/88 4,49 12,2008 4.3501  1.243 0.3608 0.64 9.72 4.86 14,98 3.83E-05  633.5
03/01/88 8.24 1.4104 2.6823 1.229 0.2606 0.68 9.60 4.86  14.46 3.66E-05  623.4
03/29/88 6.64 10,3491 1,1397 1.255 0.2584 0.68 9,70 4.86 14,56 2,45E-05  417.3
£2 NATSQUI
08/05/87 9.8¢ 12,3305 5.7779 1,288 0.0640 0.79 9.50 4.85 14,35 8.33E-05  1419.7
08/25/87  38.67 3.3734¢ 10.7900 -1.948 0.0582 0.80 9.50 4.85 14,33 6,57€-05 1119.3

09/08/87  17.60 3.0726 9.4634  1.317 0.0344 0.80 9.47 4.85 14,32 8,99E-05  1924.6
09/22/87  33.50 3.9670 11.4527 1,310 0.0491 0.81 9.50 4.85  14.35 9.10E-05 1551.0
10/06/87  38.09 4.4313 1(3.1316 L3311  0.0578 0.80 9.47 4.85 14,32 1L 14E-04  1940.5
10/20/87  59.86 3.5811 10.831t 1,315 0.0540 0.80 9.50 4.85 14,35 1.176-04  1998.9
11/10/87  19.45 3.7221 11.2235 1.314  0.0539 0.80 9.54 4.85 14,39 1.46E-04 2491.3
11/24/87 12,49 3.1797 10.1509  1.322 0.0512 0.80 9.94 4,85 14,39 4. 24E-04 7229.3
12/08/87  12.89 2.5878 7.6950  1.311 0.0384 0.82 9.70 4.86  14.56 4.23E-06 72.4
12/29/87 13,74 2.2630 6.2768 1,301 0.0434 0.82 9.70 4.86 14,56 4.17E-05  710.0
01/12/88 12,79 2.57150 7.7794 1.310 0.0289 0.84 9.81 4.86 14,67 1.13E-05  192.9
01/26/88  11.23 3.2884 10.0229 1.312 0.0173 0.87 9.64 4.86 14,49 1.836-06 31.2
02/09/88 14,50 11,7290 5.5163 1,320 0.0179 0.87 .99 4.86 14,44 7.48e-07 12.7
03/01/88  15.37 2.1516 6.4609 1.310 0.0472 0.81 9.64 4.86  14.49 3.78E-05  643.3
03/29/88  14.15 3.5634 7.6946 1.259 0.0223 0.86 9.64 4.86 14,49 2,04E-05  347.9
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4.86  2.1121 4,0369 1.234 - - - -

APPENDIX E
DATE N2/02._CH4 FLUX €02 FLUX  GAS IORIC ACTIVITY  pKa pKi pkv - NH3-N  NH3-N
RATIO (kg CH4/ (kg CQ2/ DENSITY STRENGTH COEFF. (nolar N/ GAMMA
day-ca2) day-ca2) {(kg/a3) gamma gamsa) (ug/l)
F3 NATSEUI
08/05/87 6.34 10.034] 16.4176  1.183 -- -- -- -- -- -- --
08/25/87  12.94 10.8426 22.899%  1.254 -- .- .- -~ -- -~ -
09/08/87  13.89 11.6340 22.3291 1.230 - -- -- -- -- - .-
09/22/87 9.58 13.4525 25.6523 1.226 - -- -- -- -- -- -
10/06/87  19.75 13.5262 27.2305  1.240 -- -- -- -- -- -- --
10/20/87  10.67 10.4762 21.4898  1.247 - = -- -- -- -- --
11710/87 8.47 12.1526 24.3528  1.240 -- - - -- -- - --
11/24/87 11,00 11.0818 23.1808  1.252 - -- - -- -- -- --
12/08/87 7.0 8.8697 17.4326  1.239  0.0544 0.80 9.74 4.86 14,60 3.36E-05  572.7
12/29/87 6.84  7.9866 14.6359  1.221  0.0497 0.81 9.74 4.86 14,60 1.97E-05  336.2
01/12/88 6.83 9.8026 20.8939  1.258 0.0329 0.83 9.74 486 14.60 1.13E-05  195.4
01/26/88 4.60 13.3229 24.0213  1.218  0.0266 0.83 9.60 4.86  14.46 7.94E-06  135.4
02/09/88 8.98 2.2782 6.0200 1,292 0.0269 0.85 9.60 4.86 14,46 2,71E-06 46.2
03/01/88 4,88 9.4767 16.0242  1.200 0.0221 0.86 9.50 4.85 14,35 1.14E-06 19.4
03/29/88  10.04 9.0361 16.3960  1.221 0.0208 0.86 9.64 4.86 14,49 2,43E-06 41.4
F4 NATSEVI
08/05/87 -~ 4,2073 7.5106  1.203 - - -~ -- -- -- --
08/25/87 8.50 7.9501 14,9377 1.223 Lo -- - -- -- -- --
09/08/87 3,75 7.866%3 12,9114 1,183 -~ - - - -- -- --
09/22/87 4.88  8.6947 14.3266 1.184 - -~ - - -- -- --
10/06/87 --  7.6412 15.1786  1.235 - -- - -- -- -- --
10720/87  16.25 3.5380 11,2325 1.241 - - -- -- -- -~ --
11/10/87 8.29 5.7324 12.23¢4  1.238 -- - oo-- - -- -- --
11724187 1.37 4,831 10.5278  1.264 -- -- -~ -- -- -- --
12/08/87 7.45 2.9892 7.1125 1285 - -- - - -- -~ -- ==
12/29/87  9.90 4.0067 17,6979 . 1.228 - - -- -- -- -- --
01/12/88 12,00 6.8247 12.3824  1.215 - - -- -- -- -- --
01/26/88- 6,33 6.9729 13.2046 1.226 = ~-- -- - -- -- -- --
02/09/88 =~ -- -- - -~ -- -- - - -- -
03/01/88 6.11 1.0880 2.1201 1,237 - .- -- -- -- -- --
03/29/88 -- -- --
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APPENDIX E
DATE N2/02 CH4 FLUX CO2 FLUX  6AS [ONIC ACTIVITY  pKa pK1 pKv NH3-N  NH3-N
RATIO (kg CH4/ (kg CO2/ DENSITY STRENGTH COEFF. (molar W/ GAMMA
day-ce2) day-ca2) (kg/ald) gasmd gamaa)  f(ug/L)
F5 BATSAUI
08/05/87  24.00 2.4950 35.9775  1.281 0.1920 0.70 9,50 4.85 14,35 4.53E-05  T771.4
08/25/87 -- - 2.0322  4.2226 1.247  0.3306 0.63 .47 4,85  14.32 1.796-04 3043.0
09/08/81 - 1.974¢  4,1025  1.247 0.2960 0.66 9.30 4,85 14,35 1.89E-04 3228.2
09/22/835 == 2.5079 5.18%8  1.245  0.2807 0.67 9.50 4.85 14,35 1.26E-04 2139.7
10/06/87 3.92 4.1188 B8.4110  1.245 0.3073 0.66 .47 4,85 14,32 2.10E-04 3581.4
10/20/87  11.75 2.4347 4.0707  1.185 0.3020 0.66 9,30 4.85 14,35 1.638-04 2779.2
11710/87 3.43 47518 9.3998  1.234 0.0954 0.76 9.97 4.85  14.42 3.46E-05  389.2
11/24/81 3.57 -- -~ 1,252 0.04635 0.81 9.60 4.86  14.46 5.29E-07 9.0
12/08/87 4.80 0.8104 1.7367 1.259 0.0512 0.80 9.60 4.86  14.46 1.04E-06 17.7
12/29/87 3.4 LU 2.0447 1,213 0.2359 0.68 9.60 4.86  14.46 7.66E-035 1305.6
01/12/88 4.26 4.1885 7.3049 1.214 0.3061 0.66 9.62 4.86  14.48 1.49E-04 2537.8
01/26/88 3.30  53.7427 10.1948 1,208 0.0709 0.78 9.99 4.86  14.44 5.94E-06  101.3
02/09/88 -- - - --  0.0438 0.81 9.67 4.86  14.53 5.12E-06 87.3
03/01/88 3.80 0.0000 0.0000 1.323 0.1569 0.72 9.37 4,85 14,42 1.87€-05  660.2
"03/29/88 - - - --  0.1028 0.75 9.60 4.86  14.46 1.40E-05  237.9
F6 NATSQUL
08/05/87 3.89 0.3332 0.5921 1.23% - -- - -- -- -- -~
08725787 -- - -- - -~ - - - - -- --
09/08/87 .74 0,0000 0.0000 1.2335 -- -- - - - -- --
09/22/85 3.49  0,0000 10,0000 1.262 -= - - - -~ - --
10/06/87 4.50 2.9992 §.3732 .27 -- -- - - -- -- --
10720187 4,42 1,877 2,323  1.209 - - - -- - - --
11/10/87 3.89 1,895 3.3362  1.221 -- -- -- -- -- -- --
F8 NATSBUI
. 11710/87 4,35 0.0949 0.2167 1.279 0.0138 0.88 9.50 4.85  14.35 4.48E-09 0.1
11/24/87 415 1333 3.4330  1.275  0.0047 0.93 9,57 4.8 14.42 8.26E-10 0.0
120887 4.85 0.2045 0.3474  1.284  0.0064 0.92 9.65 4.86  14.51 6.90E-10 0.0
12129187 3.63 0.1855 0.3218 1,255 0.009 0.90 9.63 4.86  14.51 1.87€-08 0.3
01/12/88 3.69 0.3167 0.636B  1.263 0.0060 0.92 9.77 4.86  14.63 5.13E-09 0.1
01/26/88 .77 0,2733 0.6624  1.161 0.0070 0,91 9.74 4.86  14.60 9.53E-09 0.2
02/09/88 3.52 0.3529 0.5044 1,206 0.0164 0.87 9.84 4.87  14.71 B.04E-09 0.1
03/01/88 3.68 0.0583 0.092t (.24 0.00%9 0.90 .70 4.86 14.36 -- --
03/29/88 4.77 0.0604 0.1314  1.271 0.0039 0.93 .77 4.86  14.63 -- -
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DATE N2/02 CH4 FLUX CO2 FLU 6AS IONIC ACTIVITY  pKa pKi pKv NH3-N  NH3-N

RATI0 (kg CH4/ (kg CO2/ DENSITY STRENGTH COEFF. (molar W/ GANMA
day-ca2) day-ca2) (kg/ad) ganma gasma)  (ug/l)
F2 STRIDE
08/09/87 3.80 0.4864 0.3698  1.062 - -- 3.67 4.86 14,53 7,.45E-08 1.3
08/27/87  13.13 0.2109 0.1675  1.068 0.0189 0.87 .60 4.86  14.46 4.68E-08 0.8
09/10/87  24.44 0.0915 0.0716  1.043 0.0184 0.87 9.60 4.86 14,46 1.25E-07 2.1
1 09/24/87 3.90  0.3737 0.3438  1.113  0.0156 0.88 .57 4.85 14,42 9.09E-08 1.3
10/07/87  12.25 0.2353 0.3471 1.147  0.0187 0.87 9.60 4.86 14,46 7.79E-08 1.2
10/22/87 9.65 0.3374 0.2674  1.037 0.0180 0.97 9.67 - 4.86  14.53 2.05€-08 0.3
11/12/87 7.67 0.6435 0.3048 1,070 0.0177 0.87 9.67 4.86 14,33 5.61E-08 1.0
11726/87 12,05 1.3893  1.0039  1.045 0.0132 0.88 9.689 4.86 14,35 3.91E-09 0.1
12/15/87  13.58  0.3119  0.4118 1,190 0.0126 0.89 9.89 4.86 14,35 3.56E-09 0.1
12/31/81 7.04  0.00006 0.0000 1.130 0.0177 0.497 9.69 4.86  14.535 4.71E-08 0.8
01/14/88  21.40 4.3944 14,0592 1.073 0.0163 0.87 9.69 4.86 14,59 4.90E-08 0.8
01/28/88 7.40  0.2409 0.5834  1.281  0.0203 0.86 9.63 4,86 14,31 9.46E-08 1.6
02/11/88 8.35 0.4795 0.513¢  1.150 0.0213 0.86 9.67 4.86 14,33 1.17E-07 2.0
03/03/88 3.83  0.0000 0.0000 1.239 0.0199 0.497 9.65 4.86  14.91 1.11E-07 1.9
03/31/88  52.00 0.1107 0.1839  1.215 0.0215 0.86 9.67 4.86 14,53 7.43€-08 1.3
£3 STRIDE

08/09/87  23.40 0.2053 0.1692  1.067 -- - 9.67 4.86 14,33 1.78E-07 3.0
08/27/87  17.86 0.2184 0.1707  1.058 0.0140 0.88 9.67 4.86  14.33 5.43E-08 0.9
09/10/87  21.00 0.1732 0.1412  {.050 0.0t60 - 0.88 9.67 4.86  14.33 1.19e-07 2.0
09/24/87 4.33 0.0000 0.0000 1.169 0.0133 ~ 0.89 9.64 4.86  14.49 1,32E-07 2.2
10/07/87  10.60 0.4345 0.5444  1.130 0.0163 0.87 9.67 4.86  14.83 1.07€-07 1.8
10/22/87  17.00 0.4660 0.3375  1.039 0.0159 0.88 9.69 4.86 14,35 1.00E-07 1.7
11/12/87 1.77  0.9075 0.6644  1.065 0.0130 0.89 9.67 4.86 14,33 1.57€-07 2.7
11/26/87  10.08 1.1306 0.8235  1.051 0.0317 0.84 9.69 4.86  14.55 1.16E-07 2.0
12/15/87 8.57 0.3144 0.3134 1,117 0.0175 0.87 9.67 4.86 14,33 7.75e-08 1.3
12/31/87 7.49  0.0000 0.0000 1.078 0.0133 0.88 9.63 4.86  14.51 9.17E-08 1.6
01/14/88 6.29 0.1813 0.1381 1.093  0.0080 0.91 9.67 4.86 14,33 2.45¢-08 0.4
01/28/88 4,38 0.064f 0.0547  1.190 0.0136 0.88 9.63 4.86 14,51 1.26E-07 2.2
02/11/88 476 0.2219 0.1694¢  1.149 0.0134 0.89 9.65 4.86  14.51 1.08E-07 1.8
03/03/88 3.81  0.0000 0.0000 1.220 0.00% 0.90 9.67 4.86  14.53 1.36E-07 2.4
3.4

03/31/88 9.91 0.0962 0.1299  1.212 0.0163 0.88 9.64 4.86 14,49 2.02e-07

F& STRIDE
10/22/87 3.99 0.1042 0.2035  1.263 0.033% 0.83 9.62 4.86  14.48 3.81E-07 6.5
11712/87 .73 0.0440 0.0556  1.266 0.0149 0.88 9.60 4.86  14.46 2.67E-07 4.5
11/26/87 3.71 0.0000 0.0089  1.293 0.0160 0.88 9.63 4.86  14.51 5.47E-08 0.9
12/15/87 3.65  0.0000 0.0028  1.289 0.01 0.87 9.65 4.86  14.31 5.52€-08
12/31/87 J.61  0.0000 0.0000 1.287 0.0120 0.89 9.74 4.86  14.60 1.23E-07
01/14/88 3.85  0.0000 0.2744  1.487 0.0019  0.89 %74 4.86  14.60 8.17E-08

0.9
2.1
1.4
01/28/88 -~ 0.0000 0.0129  0.588 0.0134 0.88 9.69 4,86  14.55 1.40E-07 2.4
02/11/88 -- -- == - 0.0137 0.88 9.70 4.86 14,36 1.40E-07 2.4
03/03/88 3.67 0.0000 0.0000 1.286 0.0133 0.89 9.69 4.86  14.55 1.34E-07 2.3
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DATE N2/02 CH4 FLUX CO2 FLUX  6AS IONIC  ACTIVITY  pKa pK1 pKv  _NH3-N  NH3-N

RATIO (kg CH4/ (kg CO2/ DENSITY STRENGTH COEFF. (wolar W/ GANMA
day-ca2) day-ca2) (kg/ad) gamma gassa)  (ug/L)
F7 STRIDE
08/27/87  14.50 0.2470 0.3067  1.134 0.0174 0.87 9.60 4.86 14,46 3,93E-07 6.7
09/10/87 8.81 0.3203 0.3303  1.106 0.0169 0.87 9.57 4,85 14,42 5.36E-07 9.3
09/24/81 -- -~ -- - 0.0143 0.88 9.60 4.86 14,46 2.94E-07 5.0
10/07/87  10.31  1.0143 1.0333  1.080 0.0835 0.88 9.67 4.86  14.53 2.46E-07 4.2
10/22/87 9.67 1.7384 1.8088  1.088 0.0156 0.88 9.60 4.86  14.46 2,42E-07 4.1
1/12/87 12,62 2.4742 3.33%¢ 1,153 0.0135 0.88 9.62 4.86  14.48 4.05E-07 6.9
11/26/87  15.00 2.9384 4.1741  1.175 0.0103 0.90 9.64 4.86 14,49 3.44E-08 0.6
12/15/81 31,20 0.7152 0.7355  1.088 0.0218 0.86 9,57 4.85 14,42 3.246-07 3.5
12/31/81 6.93 0.0000 0.0000 1.175 0.0199 0.86 9.60 4.86 14,45 2.95€-07 5.0
01/14/88 -- 0.3707 0.4452 1.130 0.0187 0.87 9.57 4.8 14,42 3,43e-07 5.8
01/26/88 3.82  0.154t 0.0659  1.054 0.0173 0.87 9.60 4.86  14.46 2.79E-07 4.7
02/11/88 4.18 1.0190 0.4051  0.954 0.0208 0.86 9.60 4,86  14.46 4.40E-07 1.5

03/03/88 4,02 0.0000 0.0000 1.1f1  0.0205 0.87 9.59 4.86 14,44 1.07E-06 18.2
03/31/88 4.93  0.1408 0.2450 1.24¢ 0.0189 0.87 9.59 4.86 14,44 §.74E-07

~
-
«©

08/21/87  10.95 0.2598 0.3327  1.143 - - - - -- -- -
09/10/87  10.80 0.2462 0.28%9%  1.116 - -- - - -- -- --
09/24/87  13.44 0.7127 0.7883  1.094 - - - -~ -- -- -~
10/07/87 9.12  0.1441 0.1887 1.151 - -- - -~ -- -- --
10/22/81 4.23 0.2780 0.3639 1.22 -- - - -- -- -- --
11/12/81 3.70  0.4340  0.5715  1.204 - -- - -- - -- --
11/26/81 9.04 1.4431 1.8479 1.130 -- - -
12/15/87 .03 0.7646 1.7644 1277 0.01 0.88 9.67 4.86  14.53 1.13E-08 0.2
12731181 6.76  0.0000 0.0000 1.044 0.01 0.89 9.67 - 4.86  14.33 3.83E-08 1.0
0t/14/88 == 2,027 2.19%6 ~ 1.078 0.02 0.89 9.67 4.86 14,33 7.87E-08 1.3
01/28/88 4.06 0.4568 0.4823 1.114 0.01 0.89 9.67 4.86  14.53 2.55¢-08 0.4
02/11/88 4.27 1.0284 0.6853 1,033 0.0t 0.90 9.4 4.86  14.50 1.21E-08 0.2
03/03/88 -- -- -- -~ 0.01 0.9 9.67 4.86 14,53 1.54E-08 0.3
03/31/88 .44 0.2213 0.2919  1.203. 0.0t 0.4 9.74 . 4.86 14,50 2.28E-08 0.4

08/09/87  42.25 0.0527 0.3558  1.416 -- - 9.60 4.86 14,46 2,61E-08 0.4
08/27/87  19.19 0.0000 0.0000 1.365 0.0220 0.86 9.60 4.86  14.46 1,55E-08 0.3
09/10/87  14.91 0.0360 0.1324  1.360 0.0234 0.86 9.64 4.86  14.49 3.526-08 0.6
09/24/87  28.05 0.0721 0.3620  (.369 0.0184 0.87 9.64 4.86  14.49 1,83€-08 0.3
10/07/87  16.26 0.0838 0.3181  1.351 0.0234 0.86 9.64 4.86  14.49 2,24£-08 0.4
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DATE N2/02 CH4 FLUX COZ FLUX  GAS [ONIC ACHIVITY  pKa pK1 pKv - NH3-N  NH3-N

RATIO (kg CH4/ (kg CO2/ DENSITY STRENGIR COEFF. (molar W/ GAMNA

day-ce2) day-ca2) (kg/a3) gasma gamma)  (ug/L)

B8 RICHMOND
08/14/87 9.33  0.6194 11,2944  1.249 - -- 9.4 4.8¢ 14,28 5.34E-06 94.3
09/01/87 -- 2,206 4.6972  1.234 0.0528 0.80 9.41 4.84 14,20 6.35E-06  108.2
09/15/87 3.78  1.33%2 3.2875  1.238 0.0bi8 0.79 9.4 4.84 14,28 1.20E-05  205.2
09/29/87 3.33 0.9756 2.0718 1.234 0.0619 0.7 9.41 4.84  14.25 1.01E-03  172.4
16/13/87 3.89  1.0945 2.3627 1.259 0.0768 0.77 9.44 4.84  14.28 1.126-05  191.4
11/03/87 3.62 0.5315 1.1909  1.272 0.0705 0.78 9.41 4.84 14,25 2.30E-05  426.6
11/17/87 3.71 0.5048 1.0668  1.253 0.0421 0.82 9.46 4.85  14.30 2.66E-06 45.2
12/01/87 3.44  1.6303 - 3.7100  1.272 0.033 0.83 9.52 4.85 14,37 3.89E-07 6.6
12/24/87 3.53  4.9235 10.8733  1.270 0.02M 0.83 9.59 4.86  14.44 5.30E-07 9.0
01/06/88 3.49  4,2049 9.1781  1.267 0.0244 0.85 9.57 4.89 14,42 8.40E-07 14.3
01/19/88 3.90 2.7110 5.798%  1.259 0.0219 0.86 9.60 4.86 14,46 6.29E-07 10.7
02/02/88 3.53  2.0330 4.6861  1.280 0.0281 0.84 9.72 4.86 14,38 8.93t-07 13.2
02/24/88 --  4.2146 B8.8649  1.265 0.00% 0.90 9.64 4.86 14,49 1.31E-07 2.2
03/15/88 3.50  6.8759 14.4970  1.256 0.0149 0.88 9.60 4.86  14.46 1.86E-07 3.2
04/05/88 8.80 5.6335 12,3750 1.264¢ 0.017 0.87 9.69 4.86 14,39 1.42E-07 2.4
09 RICHMOND

08/14/87 2,60 9.1606 20,2373  1.267 - -- 9.19 4.81 14,00 1.01E-04 1723.9
09/01/87 3.75 10.1367 22.1B15  1.263 0.133% 0.73 9.19 4.81  14.00 7.41E-03  1262.8
09/15/97 3.73 8.8003 19.2026  1.263 0.1389 0.73 9.22 4.82 14,04 6,23E-05  1061.5
09/29/87 3.67  9.0131 19.6269  1.264 0.1302 0.13 9.19 4.81 14,00 8.3BE-05  1427.5
10/13/87 == 5.0442 10.8279  1.2§7 0.1246 0.74 9.22 4.82 14,04 4.41E-04 7508.3
11/03/87 3.65 6.1105 13.8992  1.277 0.105t 0.73 .22 4.82  14.04 1.48E-04 2520.8
112787 3.71 11,4659 25.2834  1.267 0.0932 0.76 9.16 4.81 13,97 7.97E-03 1358.6
12/01/87 3.33 17.3201 39.1946  1.271  0.0517 0.80 . 4.81  13.98 1.04E-05  177.2
12/24/88 3.52 12.8878 27.3986  1.260 0.0200 0.86 .22 4.82 14,04 4,29E-07 1.3
01/06/88 3.43 12,1224 25.6654  1.260 0.0943 0.76 .22 4.82 14,04 5.18E-05  882.0
01/19/88 3,94 9.3274 19.4146  1.243  0.0428 0.82 .3 4.83 14,14 §.24E-06 89.2
02/02/88 3.90 13.9014 28,6588  1.250 0.1199 0.74 9.28 4.83 14,11 7.00E-05 1192.0
02/24/88 -- 16,1134 32,9389  1.242 0.1217 0.73 .27 4.82 14,09 8.326-05 1417.8
03/15/88 3.8¢ 16,1723 32.3461  1.241 0.1679 0.7 9.25 4.82 14,07 1.50E-04  2563.9
~ 04/05/88 3.77 14,0726 29.900f  1.260 0.0838 0.77 9.41 4.84 14,25 2,01E-05  343.3
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DATE N2/02 CH4 FLUX CD2 FLUX  .6AS IONIC ACTIVITY  pKa pK1 pKv NH3-N  NH3-N

RATIO (kg CH4/ (kg CO2/ DENSITY STRENGTH COEFF, (molar W/ GANMA
day-ce2) day-cs2) (kg/e3) gamaa gasma)  (ug/L)
C6 RICHMOND

08/14/817 .71 13.2513 28.503¢ 1.238 - N < ) 4.83  14.14 2.65E-06 43.1
09/01/87 3.89 19.1247 42.1674  1.266 0.0437 0.82 9.28 4.83  14.11 1.74E-06 29.6
09/13/87 == 4.6480 10,2643 1,265 0.0452 0.81 4.3 4.83 14,14 2.87€-06 48.9
09/29/87 3.71  9.4894 20.4974  1.259 0.043! 0.82 9.31 4.83  14.14 3,74E-07 6.4
10/13/87 - 6.0962 13.2462  1.260 0.0477 0.91 9.23 4.82 14,07 4,29E-07 1.3

11/03/87 3.65 7.9978 17.6211  1.267 0.0438 0.82 9.28 4.83 14,11 2.56E-06 43.7
11717187 3.75 16,9012 36.0403  1.235 0.0261 0.85 9.28 4.83 14,11 8.81E-08 1.5
12/01/87 .30 5.0170 10.7919  1.260  0.0308 0.84 9.46 ~ 4.85 14,30 1,29E-07 2.2
12/24/87 3.30  1.9622 4.1829  1.260 0.0284 0.84 9.59 4.86  14.44 2.48E-07 4.2
01/06/88 3.69  1.7202 3.5518  1.252 0.0247 0.85 9.50 4.86  14.46 1.47E-07 2.3
01/19/88 4.28  2.2144 4.7688  1.263  0.0265 0.85 9.54 4.85 14,39 2.68E-07 4.6
02/02/88 3.84 20.3343 43.5387 1.262 0.0348 0.83 9.5%7 4.8 14.42 3.67€-07 6.3
02/24/88 ~- 214123 43.9500 1,260 0.0296 0.84 9.597 4.85 14,42 4.37E-07 1.4
03/15/88 -~ 31.5996 64.7780  1.248 0.0363 0.83 9.38 4.84  14.21 5.13E-07 8.7
04/05/88 4.13 29.1100 59.1447 1,243  0.0366 0.83 .54 4.85 14,39 7.826-08 1.3

67 RICHAEND
08/14/87 .75 1.04B5 2.1733  1.261 -- - 9.38 4.84  14.21 4,73E-06 80.6
09/01/87 3,91 2.0611 4.5038  1.262 0.0548 0.80 9.4 4.83  14.18 5.33E-06 90.8
09/15/87 --  0.4193 0.8819  1.250 0.0610 0.79 9.38 4.84 14,21 7.28E-06  124.0

09/29/87 3.80 1.2439 2.5775  L.247 0.0601 0.79 9.34 4.83  14.18 9.88E-06  168.4
10/13/87 3.73  0.843¢  1.7901  1.261 0.0644 0.79 9.3t 4.83 14,14 9.19E-06  156.6
11/03/87 3.38 L1172 2,3787 1.258  0.06S) 0.79 .34 4.83  14.18 1.71€-05  291.7
1117/87 L7 2,333 5.1322 1,267 0.0667 0.79 9.31 4,83  14.14 1.40E-05  238.8
12/01/87 343 L1475 24342 1,257 0.0402  0.82 9.42 4.8¢ 14,27 1.42€-06 9.1
12124187 3.81 0.2031 0.4236  1.254 0.0224 0.86 9.97 4.85  14.42 3.00E-07 3.1
01/06/88 3.65 - 1.0686 2.4342  1.217  0.02%4 0.86  9.38 - 4.84 14,21 9.326-07 13.9
01/19/88 4.37 0.4070 0.8722 1,390 0.0210 0.86 9.41 4.84 14,25 6.52€-07 1.1
02/02/88 - 4.00 1.9342 4.1175  1.261 0.0294 0.84 .47 4.85  14.32 6.23c-07 10.6
02/24/88 4.08  0.7578 1.3866  1.256 0.0184 0.87 9.41 4.84 14,25 5.74E-07 9.8
03/13/88 4.05  2,6835 35.4959 LA 0.02%9 0.85 .41 4,84 14.29 6.34E-07 10.8
04/05/88 - -- - --  0.0105 0.90 9.62  4.86  14.48 4.03t-08 0.7
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DATE N2/02 CH4 FLUX CO2 FLUX  GAS [ONIC ACTIVITY  pKa pKl pKv NH3-N  NH3-N
RATID (kg CH4/ (kg C02/ DENSITY STRENGTH COEFF. (molar W/ GANMA
day-ca2) day-ca2) (kg/ed) gasma gasea)  (ug/t)
D.33 RICHMOND
08/14/87 - 13043 3.229%  1.255 -~ -- 9.3t 4.83 14,14 1,936-05  329.7
09/01/87 3.69  3.4906 7.1993  1.247  0.0679 0.78 9.28 4.83  14.11 1.68E-05  286.1
09/15/87 == 9.0341 18.5430 1.243  0.0704 0.78 9.28 4.83 14,11 1.14E-05  195.0
09/29/87 370 1.9219 3.9968  1.249  0.0687 0.78 9.25 4.82 14,07 L.226-05  207.1
10/13/87 -~ 12005 2.533%  1.230 0.0733 0.78 9.25 4.82  14.07 1.2BE-05  217.5
11/03/87 3,59 L1797 2.4860 1,255  0.0647 0.79 9.25 4,82  14.07 1.75E-05  297.6
11717187 3.39  3.4266 7.2675  1.256 0.067S 0.78 9.23 4.82  14.07 1.09E-03  1B4.9
12/01/87 3.17  1.5514  3,2669  1.254 0.0626 0.79 9.41 4.84 14.25 9.436-06  160.6
12/24/87 3.29 1.5907 3.1764  1.238  0.0548 0.80 9.38 4.84 14,21 B.69E-06  148.1
01/06/88 3.97 0.7010  1.8639  L.315  0.0604 0.79 .33 4.83 14,16 1.28E-05  218.6
01/19/88 3.98 0.7975 2.0e56 1,308 0.0598 0.79 9.38 4.8¢ 14,21 8.84E-06  150.6
02/02/88 .17 1.2558  2.9718 1,300 0.0634 0.79 9.44 4.84 14,28 4.84E-06 82.9
02/24188 -~ 0.0000 0.5245 1,288 0.04S1 0.81 9.38 4.84¢ 14,21 8.17E-06 139.2
03/15/88 -- 31718 10.2655  1.233 0.0599 0.80 9.4 4,84 14,28 4.35E-06 17.5
04/05/88 4.00 0.5234 -1.0588  1.240 0.0217 0.86 9.53 4.85  14.41 5,7BE-07 9.8
B.33 RICHMOND
08/14/87 4.00 1.8997 S.4214 1.3 -- -- 9.28 4.83 14011 2.40E-03  409.2
09/01/87 3.65  1.6986 3.7464 1,267 0.0549 0.80 9.28 4.83 1411 1.27E-05  216.0
09/15/87 3.67 1.2820 2.8188  1.267 0.0608 0.79 9.25 4.82  14.07 1.35€-05  264.0
09/29/87 3.80 1,228¢ 2.6037  1.252 .0.0538 0.80 9.25 4.82 14,07 1.03E-05  174.8
10/13/87 == 0.8817 [.9357  1.264  0.0544 0.80 9.28 4.83 14,11 5.42e-06 92.4
11/03/87 3.62  0.6937 1.4849  1.258 0.0419 0.82 9.22 4.82 14,04 7.25E-06  123.6
11717187 3,75 0.7789  1.6601 1,297  0.0476 0.81 9.25 4.82 14,07 9.176-06  136.3
12/01/87 . 3.39 0.8030 1.7293  1.262 0.0386 0.82 3.3 4.83  14.14 3.30E-06 36,3
12/24187 3.61 0.0709 0.1365 1.264 0.0316 0.84 9.47 4.8 . 14.32 1.78E-06 30.4
01/06/88 3.97 0.0000 0.0000 1.275 0.0285 0.84 .47 4.85 14,32 1,97E-06 13.6
01/19/88 4.96 0.0488 0.1051 1.273  0.0254 0.85 9.60 4.86  14.46 1.44€-06 24.6
02/02/88 3.91  0.0000 0.0178 1.276 0.0223 0.86 9.5¢ 4.85  14.39 6.12E-07 10.4
02/24/88  3.65 0.0000 0.0000 1.286 0.0105 0.90 9.49 4.89 14,34 4.33e-07 7.4
03/15/88 3.68  0.0000 0.0000 1.327 0.0135 0.89 9.50 4.85  14.35 1.89E-07 3.2
04/03/88 - -- -- - - == 0,013 0.89 .9 4.86  14.44 8.67E-08 1.3
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DATE N2/02 CH4 FLUX CO2 FLUX  6AS IONIC ACTIVITY  pKa pKi pKv NH3-N  NH3-N
RATIO (kg CH4/ (kg CO2/ 'DENSITY STRENGTH COEFF, (molar ¥/ GAMMA
day-ce2) day-ce2} (kg/wd) gasma gasma)  (ug/t)

08/20/87 3.60 0.0282 0.0528 1.239 0.1089 0.75 9.34 4.83  14.18 2.31€-05  427.2
09/03/87 3.86  0.0329 0.0671 .263  0.1042 0.73 9.31 4.83  14.14 3.B7E-05  639.4
09/17/87 3.60 0.0613 0.1473 287 0.1025 0.75 9.28 4.83  14.11 2.18E-05  371.9
10/01/87 3.90 0.1876 0.3872 <263 0.1002 0.75 9.34 4.83  14.18 1.86E-05  317.0
10/15/87 3.65  0.1546  0.3142 <265 0.1034 0.79 9.34 4.83  14.18 1.94E-05  331.1
11/05/87 3.64 0.1393 0.2813 .260  0.1048 0.73 9.33 4.83 14,16 2.06E-05  351.9
11/19/87 .34 0.1130 0.2248 .267  0.097t 0.76 9.24 4.83  14.18 1.43E-05  247.1
12/03/87 3.61  0.0181  0.0442 <292 0,087 0.76 9.38 4.84¢  14.21 1.B9E-05  321.3
12722181 J.66 0.0849 0.1708 .269  0.1056 0.75 9.36 4.84  14.20 2.66E-05  453.7
01/05/88 3.38  0.0307 0.0730 <287 0.0%0 0.76 9.38 4.8¢  14.21 3.16E-03  3538.9
01/20/88 3.64 0.0000 0.0478 295 0.0942 0.76 9.33 4.83  14.16 2.83E-05  482.6
02/04/88 3.90 0.029%9 0.0681 .280  0.0946 0.76 9.34 4.83  14.18 2.69E-05  438.5
02/23/88 3.62  0.0413 0.0813 276 0.0830 0.77 9.31 4.83  14.16 2.13E-03  362.3
03/17/88 3.76  0.0517  0.1048 L2710 0.0970 0.76 9.31 4.83  14.14 2.48E-05  422.7
04/07/88 3.63  0.0000 0.0058 293 0.0820 0.77 9.34 .83 14.18 1.40£-05  239.2

08/20/87 3.78 0.1638 0.2789  1.187 0.102% 0.75 9.3t 4.83 14,14 2,94E-05  500.8
09/03/87 3.38  0.1536 0.2678  1.195  0.1016 0.73 9.28 4.83  14.11 3.986-05  678.8
09/17/87 3.30  0.2844 0.4958  1.210 0.09% 0.75 9.25 4.82  14.07 2.71E-05  46l.6
10/01/87 3.39 0.6644 t.1686  1.201 0,099 0.75 9.28 4.83 1411 2.94€-05 0Lt
10/15/87 3.65 0.4985 0.8925  1.212 0.1035 0.75 9.28 4.83  14.11 2.50E-05  425.8
11705787 J.60  0.8565 1.5648  1.216  0.1026 0.73 9.28 4.83 1411 2.59E-05  440.6
11/19/87 3.60 0.2237 0.4061  1.239 . 0.0901 0.76 9.30 4.83 14,12 1.70E-05  289.7
12703/87 3.68  0.0159 0.029t  1.281 0.0727 0.78 9.38 4.84 - 14,21 L.49E-05 254.6
12722187 3.63 0.0610 0.1t13  1.259 0.10% 0.73 9.39 4.84 14,23 2.24E-05  381.7
01/05/88 3,65 0.0246 0.0439 1.279 0.0778 0.77 9.31 4.83 14,14 2,88E-05  490.6
01/20/98 4.22 0.0000 0.0289 1.318 0.078 0.77 9.4 4.83 14,18 2.31E-05  393.6
02/04/88 3.68 0.0389 0.1011  1.287 0.0873 0.76 9.34 4.83 14,18 2.97€-05  506.9
02/23/88 3.68  0.0000 0.2366  1.3t5 0,064t 0.79 9.36 4.84 14,20 1.94E-05  330.8
03/17/88  3.62 0.0000 0.0857  1.310 0.082 0.77 9.34 4.83 14,18 2.56E-05  436.1
~ 04/07/88 3.68  0.0000 0.0182  1.308 0,099 0.80 9.41 4.84¢ 14,25 7.5BE-06  129.1




S EECCC O S AREE S RECS SRS S S EEE NS I C S SIS I EAREEE S SR E ST C S SR BECSBESScE oS sa=agE==RE3IZT=css=x =E=s==

MATSQUI PRECIP. STRIDE PRECIP. RICHMOND PRECIP. PREMIER ST. PRECIP
08/05/87 15.4 08/09/87 6.4 08/14/87 25.8 08/20/87 15.2
08/25/87 15.2 08/27/87 25.8 09/01/87 0.0 09/03/87 11.4
09/08/87 11.6 09/10/87 13.2 09/15/87 22.8 0%8/17/87 11.1
09/22/87 12.0 09/24/87 11.8 09/29/87 5.6 10/01/87 5.6
10/06/87 3.0 10/07/87 3.6 10/13/87 0.2 10/15/87 1.2
10/20/87 6.0 10/27/87 0.0 11/03/87 20.2 11/05/87 36.2
11/10/87 30.0 : 11/12/87 56.0 11/17/87 74.4 11/19/87 92.6
11/24/87 99.1 11/26/87 98.6 12/01/87 61.2 12/03/87 123.8
12/08/87 96.0 12/15/87 121.8 12/24/87 136.0 12/22/87 114.8
12/29/87 116.7 12/31/87 30.2 01/06/88 13.6 01/05/88 10.6
01/12/88 23.0 01/14/88 39.6 01/19/88 44.2 01/20/88 101.8
01/26/88 69.0 01/28/88 23.4 02/02/88 23.3 02/04/88 33.9
02/09/88 76.2 02/11/88 38.1 02/24/88 67.0 02/23/88 110.7
03/01/88 51.1 03/03/88 51.8 03/15/88 51.8 03/17/88 73.4
03/29/88 121.4 03/31/88 123.4 04/05/88 118.2 04/07/88 222.9

APPENDIX F.1. - Precipitation data (in millimeters) used in Statistical analysis

44
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VARIABLE MEAN STD. DIV. K-S Z STAT. 2 TAILED
- PROB .
PRECIP 58.33 40.81 1.151 0.14)
WL, 7.43 2.21 1.977 0.001
™ 13.61 3.15 1.014 0.256
16 14.02 4.80 1.369 0.047.
PH 6.4575 0.7086 0.871 0.434
NH3-N LEACH 648.88 827.00 2.308 0.000
NH3-N GAS 197.33 236.06 1.747 0.004
FLOW 43.16 35.00 0.762 0.608
PRESSURE 101.80 0.578 1.046 0.224
% CHa 35.76 13.71 1.247 0.089
CH4 FLUX 1.10 2.96 1.215 a.105
€02 FLUX 7.03 5.77 0.782 0.574
IONIC ST. 0.10 0.12 2.191 0.000
STRIDE AVE. ALL N = 44
VARIABLE MEAN ST0. DIV, K-S Z STAT. 2 TAILED
PROS .
PRECIP 43.74 40.09 1.328 0.058
woL. . 10.80 4.98 2.322 0.000
™ 12.65 1.08 1.941 0.001
16 14.36 3.69 1.437 0.032
PH 6.18 0.22 1.746 0.005
NH3-N LEACH 7.83 6.56 1.21 0.079
NH3-N GAS 248.04 140.7 1.1 0.155
FLOW 5.54 8.13 1.810 6.003
PRESSURE 101.74 0.59 0.906 0.384
% CH4 46.75 15.81 1.365 0.048
CH4 FLUX 0.56 0.86 1.899 0.001
€02 FLUX 0.58 0.97 V.94 0.001
IONIC ST. 0.02 0.01 0.703 0.707
RICHMOND ALL N = 86
VARIABLE MEAN STD. PIV. K-S Z STaT, 2 TAILED
PROB.
PRECIP 42.31 40.14 2.020 0.001
LN 3.33 0.89 0.791 0.558
™ 20.87 4.34 1.209 0.108
1G 19.51 6.76 1.074 0.199
PH 6.39 0.34 0.533 0.938
NH3-N LEACH 117.03 128.3 1.879 0.001
NH3-N GAS 143,17 155,34 1.654 0.008
FLOW 55.22 67.09 2.246 0.000
PRESSURE 102.08 0.45 1.505 0.022
% CH4 47.96 11.94 2.303 0.000
CH4 FLUX 5.37 - 6.71 2.169 0.000
€02 FLUX 11.43 14.05 2.180 0.000
IONIC ST. 0.05 0.03 1.140 0.1439
PREMIER ST. ALL 'N = 30
VARIABLE MEAN STD. O1V. K-S Z STAT, 2 TAILED
K PROB .
PRECIP 64.35 62.01 1.941 0.148
WL 12.22 1.59 1.2V7 0.103
™w 22.42 1.18 0.937 0.344
16 16.23 4.04 0.839 0.482
PH 6.64 0.10 0.485 0.973
NH3-N LEACH 225.7 33.54 0.826 0.503
NH3-N GAS 169. 4 101.0 0.716 0.685
FLOW 2.43 1.67 1.104 0.174
PRESSURE 102.15 0.54 0.595 0.871
% CH4 22.2 20.3 0.750 0.627
CH4 FLUX 0.1320 ©.2034 1.413 0.037
€02 FLUX 0.2601 ©6.3572 1.331 0.058
IONIC ST. 0.0926 0.0127 0.918 0.01368

- APPENDIX F.2.- Results of Kolaogorov-Smirov Goodness of Fit Test
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MATRIX RESULTS OF PEARSON PRODUCT-MOMENT

CORRELATIONS -
F1 MATSBUL
VARIABLES ppt. Wi, Tv Tg pH NH3-N  NH3-N  FLOW  PRESS. I CH4 CH4 FLUX CO2 FLUY IONIC ST.
Ledch fas
Vi ” V3 v4 Vs vé v7 ve v9 vio Vit V12 V13
vl I X 1 -0.7618 X H -0.5791 H H 1 H 1 1
V2 I 4 1 I 1 I 1 1 X I 1 H 1
V3 1 I H H 1 I I 1 1 H H H X
V4 -0.7618 1 1 I 1 X 0.7672 0.5878 X H 9.6933 0.6236 1
¥s X X 1 H H 1 0.6439 I 1 H I X I
Ve X I 1 4 1 H X 1 X 1 1 1 1
V7 -0.5791 X 1 0.7672 1 4 I 0.6439 X 1 0.7944  0.6763 H
V8 X 1 H 0.5878 1 1 1 1 1 X 0.9637  0.9444 1
v9 H H H H I H H H H H 1 1 H
v10 1 1 1 1 1 1 1 H H 1 1 1 1
Vit X H 1 0.6933 I I 0.7944  0.9637 I I I 0.9700 I
V12 1 1 1 0.6236 1 1 0.6763  0.9944 I I 0.9700 H 1
Vi3 X H 1 I X H 1 I X 1 1 I H
F2 MATSEUL
Vi X X I -0.6263 1 1 -0.6602 H X 1 X H -0.5741
V2 1 1 1 I 1 X X 0.6341 4 -0.5886 1 1 1
v3 I X 1. 0617 H 0.6826 0.7105 H H H H 1 0.6559
1] -0.62635 H 0.6277- 1 1 0,7387 0.8925 1 X 1 H I 0.6959
Vs X 1 1 I 1 0.7757 H I 1 I 1 H -0.7375
vé 1 H 0.6826 0.7387 0.7757 1 I 1 H 1 1 X 0.9123
v7 -0.6602 I 0.7105  0.8925 H 0.5605 1 1 1 I I X 0.6026
v8 X 0.6341 1 I I X X 1 X 1 0.8497 0.9712 I
v9 X H 1 X 1 X I H I I X 4 X
V10 I -0, 5886 1 I 1 I H 1 1 1 1 I I
vt I I 1 X I b ¢ 0.8497 I I 1 0.9238 X
V12 I I 1 H 1 I 1 0.9712 I I 0.9258 H I
Vi3 -0.54t . I 0.6359 0.69682 0.7375 0.9123 0.6026 ) S { H I X H
F3 RATSQU]
vt I 1 I -0.7325 1 X 1 1 1 1 1 1 1
v2 1 1 1 ) 1 X I 1 I 1 1 I I
¥3 1 4 1 I 1 H 1 1 1 1 1 1 1
v -0.73%5 1 1 1 1 I 0.6834 1 I 0.6047  0.6112 1 1
Vs 1 1 1 H 1 1 1 X I 1 I I 1
ve X 1 1 1 I I H 1 I I 1 I I
V7 -0.6275 X 1 0.6824 I H H H I H 1 H I
ve I 1 I H 1 1 I 1 H I 0.952¢ 0.9828 I
v9 H 1 I 1 1 H H I H H X I 1
vio X 1 I 0.6047 I I X I H 1 0.7097 H I
v H H 1 0.6112 1 H I 0.9524 1 0.7097 1 0. 9531 I
V12 X 1 I 0.5727 1 H I 0.9828 X 1 0. 9551 1 1
V13 H H 1 1 1 1 X H 1 1 4 I X
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F4 MATSEUI
VARIABLES ppt. WL Te Tg pH NH3-R  NH3-N  FLOW  PRESS. I CH4 CH4 FLUT COD2 FLUX IONIC ST.
Leach Bas
v V2 v3 v4 Vi vé " V8 V9 vio Vit vi2 Vi3
vi 1 H 1 -0,7669 b X -0.6714 X -0.6268 | { -0.6377 -0.5940 X
2 1 1 X I 1 X H 1 X 1 1 X X
V3 1 1 I H 1 1 1 X 1 I I H X
v4 -0.766% H 1 H 1 1 0.2503 1 X 0.7034 0.6905 0.6087 1
Vs 1 I I I 1 1 H 1 1 X 1 H X
3 1 1 1 I 1 H 14 1 1 X X 1 1
v -0.6714 X H 0.7503 1 X H 0.6149 H 1 0.6043  0.5998 X
U] 1 1 1 1 1 X 0.6149 H H 1 0.9613  0.990§ H
V9 -0.6268 X X I H 1 1 1 X H 1 1 X
vio 1 1 1 0.7034 1 I 1 1 I 1 1 I 1
Vit -0.8377 H H 0.6908 H H 0.6049 0.9613 H X H 0.9700 H
Vi2  -0.5940 1 X 0.6087 H 1 0.3998  0.9905 I X 09,9700 X X
vi3 H H 4 1 1 X 1 1 I 1 1 I H
FS MATSQUI
VARIABLES ppt. WL, Tv Tg oH NH3-N  NH3-N  FLOW  PRESS. T CH4 CH4 FLUX CO2 FLUX TONIC ST.
Leach gas
vi 173 V3 v4 Vs ve v? v )] vio Vil vi2 vi3
Vi 1 I -0.7720 -0.8416 -0.6988 -0.6955 I 1 -0.7707 1 1 I -0.6762
V2 1 1 1 X 1 X I X X X 1 1 I
V3 -0.7720 1 1 0.9167 1 1 H I 0.6297 X 1 H 0.6427
v4 -0.8416 I 0.9187 X 1 0.6436 I I 1 1 H X 0.6768
Vi -0.46988 1 X I I 0.745% 1 X X 4 1 1 0.7928
vé -0.6755 H X 0.6456  0.7439 H 1 1 X 1 I I 0.9782
V7 H 1 H H 1 4 I 1 1 H 1 I I
v8 1 1 X H H 1 1 1 1 1 0.9840  0.990% H
V9 -0.7707 H -0.6297 H I 1 1 X 1 X 1 I X
vto 1 1 I 1 1 | 1 X H I I 1 X
Vil I 4 H H 1 I H 0.9540 H 1 H 0.9882 H
vi2 1 1 1 1 1 X I 0.99%05 0.538t 1 0.9882 I X
Vil -0.6762 1 0.6427 0.6768 90,7929 0.9782 I X 1 1 1 1 X
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F2 SIRIOE

1 CH4 CH¢ FLUX CO2 FLUK IONIC ST.

PRESS.

FLOW

Tg pH NiG-N  NH3-N
Gas
v7

Tv

WL

VARIABLES ppt.

Leach

Vi3

vi2

Vi1

vio

V9

v

Vs

v4

v3

V2

vi

-0.6251

X

Vi

7
v3
v4

0.6730

X
0.6477

0.6558

H

1

1

0.7464
0.6550

1
I

X
I

-0.6251

V5
ve

0.6558

0.63717

\

»

0.9%43  0.9%0

1

v
v9

[

vi0
vit
v

I

0.9909

X

0.9309

H
X

0.9943
0.9960

X
I

0.6730 X 0.7464  0.56550 I

1

Vi3

F3 STRIDE

-0.6022 1

0.8627

I
-0.6101
I
1
X

vi

> Bt Pa Dt

X
I
1
1

-0.5867
1
I

I I I
1 X 1
1 0.7519 X X
1 X

1
I
1
I

H
-0.6101

X
H
1

-0.6022  0.8627

v2
v
v
s
V6
v

0.6171

X

0.7519

4

0.6424

0.9879  0.9624

X

0.6174

H
X

v
V1o

-0.3867

1

0.6617
0.6354

0.9710

H
0.9710

I
X
X

0.9579
0.9624
0.6424

I
I

X
1

Vit
vz
V3

1
H

I

0.6617  0.6554

I
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F1 STRIOE

PRESS.

1 CHé¢ CH4 FLUX CO2 FLUX IONIC ST,

Tg pH NH3-  NH3-N  FLOW
Leach

Tv

WL

VARIABLES ppt.

Gas
v

vie Vit vz Vi3

V9

vé va

ve

vi

vt

vi
vz -

0.6280
-0.5983

1

x .
-0.56367

v3
V4

I H 0.6156

-0.6505

1

Vs
113

Vi
ve

-0.6505

-0.7215

0.9921

-0.9858

I

I

Ve
vio

0.9858

0.9738 -0.6731

H
0.9738
-0.6731

I
X
H

1
1

Vi1
¥12

X 0.7442

~0.7442

I
I

0.9921
-0.7213

I
1

-0.6367

X
~0.5983  0.6156

1

0.6280

t

Vil

F8 STRIDE

vt

I

0.8442

I

v

Vs
vé
v?

0.8442

1

1 92 I
I X X
X X I
X 0.9128 1

X
X
I
I

1
I
1
I

0.9457

1

0.9236

X

H
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B8 RICHNOND
VARLIABLES ppt. ¥.L. Tv Tg pH NH3-N  NH3-N  FLON  PRESS. 1 CHé CH4 FLUX CO2 FLUX IONIC ST,
Leach 6as
vt V2 Vi V4 ¥3 Ve vl ve v9 V10 vii vi2 Vi3
Vi 1 H H X -0.6083 -0.6672 1 1 1 1 1 1 -0.6002
v2 H 1 0.9766 0.7210 0.6107 0.6%3 1 1 X 1 X 1 0.7358
v3 H 0.8766 I 0.8434 0.7568 0.8186 H -0.7031 1 1 -0.6985 -0.7102 0.8628
V4 1 0,7210  0.8434 I 0.5781 0.7056 0.5418 1 I 0.6989 1 I 0.7264
V3 -0.6083 0.6107 0.7568 0.5781 1 0.9278 1 -0.6897¢ H 1 ~0.7133 -0.7156  0.9054
vé -0.6672  0.6963 H 0.7056 0.9278 1 I -0.7198 1 H -0.7263 1 0.977%
Vi X H 1 H I I 1 X H 1 H -0.7304 H
v 0.5625 L 0.8186 X -0.6971 -0.7195 1 1 1 1 0.9914 X -0.7653
v9 H I 1 I I 1 1 1 ! 1 4 0.9934 X
V10 X I I 0.6989 I 1 I I I I X I 1
Vit 1 1 -0.703t I -0.7133 -0.7263 H 0.9914 H I I 0.9993 -0.7799
vi2 0.3624 1 ~0.6985 I -0.7156 -0.7304 1 0.9934 X 1 0.9993 1 -0.7817
V13 -0.6002 0.7355 -0.7002 0.7264 10,9054 0.9775 1 -0.7653 I 1 -0.7799 -0.7817 1
D9 RICHNDND
vl I 1 I 1 -0.65959 H 1 1 H 4 H 4 -0.5882
V2 1 1 0.8957 0.7899 1 1 1 1 I 1 I H 1
v3 1 0.8957 1 0.7119 4 4 1 H 1 X 1 1 1
v I 0.7899 07179 1 1 X 1 -0.6348 M I -0.6451 -0.6024 1
Vs -0.6539 H 1 I I 0.7823 1 H I I 1 I 0.7696
V6 1 1 1 1 0,7823 1 1 1 5073 1 1 1 0.9723
V7 1 X 1 X X 1 H 1 ) H X X I
ve 1 I 1 4 X X 1 1 I 1 0.9718  0.9667 1
Ve I H 1 1 I 0.6075 H 1 1 I I H 1
vio I 1 1 4 1 X 1 X 1 1 1 1 1
Vit 1 I H 1 H 1 1 0.9718 I I 4 0.9919 1
vi2 1 1 I 1 -1 I 1 0.9667 I H 0.9919 H 1
Vi3 -0.5882 1 1 H 0.7696 0.9723 4 X 1 H I I I
C6 RICHNDND
Vi 1 { X 1 1 1 1 1 1 1 X 1 1
n 1 1 I H 1 I 4 1 1 1 X 1 1
V3 1 H I 0.8833 I I 0.5767 H I 1 I 1 0.7276
V4 1 1 0,8833 1 1 1 1 1 1 H H 1 0.6454
Vs I 4 I X X 0.6850 1 H H H 1 1 1
Ve 1 1 1 X 0.6830 1 1 1 H 1 X 1 0.6344
vl I H 0.5767 I H H 1 1 I 1 X I X
V8 H 1 1 H 1 1 1 H 1 1 0.9918  0.9943 1
V9 1 I I I H 1 { 1 4 1 X 1 H
vio 1 I I H 1 I H 1 I 1 I I 1
Vil 1 1 1 I 1 1 1 0.9918 H 1 H 0.9991 H
vi2 I 1 1 X 1 1 1 09,9943 1 1 0.9991 1 1
Vi3 1 I 0.7276  0.6454 1 0.6544 1 1 - I X H B
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67 RICHIEDND
VARIABLES ppt. N.L. Tv Tg oH NH3-N  NH3-N  FLOM  PRESS. 1 CH4 CH4 FLUX CO2 FLUX TOMIC ST.
Leach §as
Vi v2 v v V3 vé v v V9 vio Vit V12 Vi3
vt 1 X -0.7703 -0.7256 X X 1 H 1 -0.5881 X X X
2 I X X X 0.6282  0.7449 H 1 I 1 H X 0.6761
v3 -0.7703 1 H 0.7404  0.7364 0.729 1 X | 0.7335 1 H 0.7985
V4 -0.72%6 I 0.7404 I 0.8025 0.6595 0.7600 0.9930 1 1 X I 0.919
V3 I 0.6282 0.7364 0.8025 X 0.8214 I S { I I 1 0.9444
3 1 0.7449  0.729¢ 0.6395 0.8216 I 1 I X 1 X I 0.9079
V7 X H X 0.7600 H X 1 1 H 1 X H X
Ve X I I 1 I X 1 H X I- 0.9930 0.9947 X
v9 I H I I 1 H I I 4 1 1 X 4
vyio  -0.5881 X 0.7333 H 1 1 1 1 1 1 X 1 1
Vi1 X X I I H H 1 1 I 1 I 0.9984 X
V12 X X I X 1 b 1 0.9947 X M 0.9984 X I
Vi3 X 0.6761 H 0.8196 0.9444 0.9079 1 I 1 1 X 1 X
D.55 RICHAOND
vi H X X -0.7909 H -0.7862 I 1 I 4 X I -0.6996
V2 1 1 0.8391  0.6430 1 I I X X 1 X 1 0.6264
V3 I 0.838¢ 1 0.7528 0.7288 0.7250 H 1 1 1 b4 1 0.8275
V4 -0.7509 0.6430 0.7528 I 1 0.6271 I I I I I 1 0.6729
Vs I X 0.7288 I H 0.635¢ I I 1 ! b b 0.7051
Ve 0.7862 X 0.7250 0.6271  0.6332 X 1 1 1 1 1 1 0.9170
v7 X X I X H 1 X H 1 1 X X X
Ve 1 I I 1 1 H I I X 1 0.9981 I 1
V9 I X 4 1 1 I H 1 H 1 1 1 X
vio I X X H 1 H 1 I X 1 1 H X
vit I I I X H 1 I 0,998t I I X 0.9991 X
Vi2 1 I X X H X X 9.9993 1 1 0,9991 X X
V13 -0.6996 0.6264 0.8275 0.6729 0.7051 0.9170 I H H H H X X
B.53 RICHNOND
v 1 H I L I I I I I 1 X 1 X
V2 X I I X 1 1 1 1 1 1 } X 1
V3 - I H I 0.7211 I 0.7 1 0.7204 H 0.9473 10,7978 0.7289 0.8683
V4 1 I 0.772¢ I . 0.6199 0.8353 I 0.8357 1 0.753¢ 0.8818 0.8244 0.8243
V3 H 14 0.6423  0.5199 H 0.8306 H 0.8304 I 0.6587 0.B173 0.8292 10,7604
vé I I 0.7974 0.8353 0.8306 1 1 0.8966 X 0.8229 0,919 0.8927- 10,9389
V7 X I ¢ I I 1 X I 4 1 X X X
V8 1 1 0.7204  0.83557 0.8304 0.8966 1 1 X 0.7191  0.9897 0.9937  0.8466
v 1 I 1 1 | X 1 H X I X 1 X
vio 1 H 0.9473 0.754 0.5387 0.8229 1 0.7191 X 1 0.7925 0.7133  0.9122
Vit X X 0.7978 0.8818 0.8173 0,919 H 0.9897 T 0.7925 0.9835 0.9835 0.8917
V12 H 1 0.7289 0.824¢  0.8292 0.8927 1 0.99%7 1 0.7133  0.8917 I 0.8356
Vi3 I I 0.86B8 0.8243 0.7604 0.9589 H 0.8466 I- 0.9122 X 0.8336 X
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P1 PRENIER
VARIABLES ppt. W.L. Tv Tg pH NH3-N  NH3-R  FLON  PRESS. 1 CH& CH4 FLUY CD2 FLUY IONIC ST.
Leach Gas
Vi v2 V3 V4 Vs vé V1 V8 ve V10 Vit vi2 vi3
Vi H H 1 -0.56810 1 -0.5734 I I 1 -0.6108 1 X -0.6612
V2 X 1 X H 1 I H I -0.59%4 I 0.5740  0.5468 I
V3 1 H 1 I X 0.6296 0.7086 X X H I X 0.6162
V4 -0.6810 I I 1 1 I I I 1 0.6521 X X 1
Vs 1 1 I b 1 I 1 I X 1 1 I H
V6 -0.5754 H 0.629 X 1 1 I I X 1 I I 1
vl X 1 0.7086 ] I H 1 X I 1 4 X X
V8 1 1 1 b 1 I I 1 1 1 0.6%41 0.6979 I
V9 1 -0.3994 I X 1 H I | X I X X 1
vio -0.6108 I 1 0.8521 1 X H X X X 0.77H 1 0,7452
Vil X 0.5740 1 I 1 H 4 0.6941 H 0.77% X 0.9939 4
viz X 0.3968 0.5968 I I I 1 0.6979 I 0.7406 0,993 1 I
Vi3 -0.6612 I H 0.6102 1 1 1 1 1 0.7452 X 1 X
P2 PREMIER
v 1 -0.5622 -0.8416 -0.6922 H -0.8211 X 1 H -0.6737 X X -0.7026
V2 -0.5622 1 0.6960 0.6363 1 1 1 0.6192 X 0.8153 0.7925 0.7512 0.7861
V3 -0.8416  0.6980 4 0.9250 1 0.7984 1 1 1 0.7900 0.6669 0.6410 0.6445
v -0.6922 0.6565 0.9250 I 1 0.6528 1 1 X 0.8578 0.7055 0.6818 0.5866
Vs X 1 I B ¢ X 1 I X H I 1 X H
13 -0.8211 I 0.6528 0.6528 1 1 4 1 H 0.6012 1 1 0.7667
' H 1 1 1 1 1 1 1 I 1 X X 1
v I 0.6192 I 1 1 I 1 1 X X 0.9204  0.9519 1
V9 X 4 1 H 1 X I b H H X X X
vi0  -0.6737 0.8153 0.8378 0.8578 I 0.6012 1 1 1 0.7367 0.7367 1 0.8368
it H 0.7925 0.7055 0.7055 I 1 b 0.9204 b I H 0.9913 0.60%
V12 X 0.7311 0.6818 0.6818 1 X M 0.9519 I 0.9913 0.9913 I 0.533%
Vi3 -0.7026 0.7861 0.5866 0.5866 1 0.7667 1 1 H 0.609% 0.609 X I




