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ABSTRACT

The objective of. this study was to use ' conventional laboratory and field
. ‘methods to measure a)‘the hydraulic conductivity of clayey soils and b a tracer
transport rate for comparson with the- groundwater flow rate. The distribution
of the environmental isotopes, tritium and oxygen-18 was also examined to
B ascertzinifﬁaerewasconsﬁ;hemyviﬂumemeaamedtxansportmbe,

Two "locations in Emex Count:y, Ontario, Canada, charactensed by éh.EEenng s:ul
andhyamgedog:.calemmnmentswe:eselecbedasabesforgrmndwater
monitaring and samgling installations. Bcreholﬁ ‘were drlled to determine the,
soulsd:ratlgraphyateachs:.te. Atests.telomtedmthe w&s!:e:npartcfthe
Cltychm&lesundeﬂambyadepo&tofvarvedlamstnnesdtyday, which
overlies an extensive deposit of glaciclacustrine silty clay. A test site located
near the town of Woodslee is underlain by silty clay 4ll, fractured to a depth
of at least 10 metres. .

The waber table at both sites is shallow, less than 1.5 metres below grade, and
the horizontal component of hydraulic gradient was found to be in the range of
- 0.002 to 0.004. Horizontal groundwater flow direction is oonsstent Wlth sarface
dramage crientation. The vertical. compone_nts of “hydraulic gradxent were.
determined to be in the range 0.05 o 0.07. The West Windsor test ste is
located in a discharge area andlthe Woodslee- test site is located in a recharge
area. The lacustrine silty clay has a horizontal hydraulic conductivity in the
- range of 4 x 108 o 3 x 1078 cm/sec with a ratio of horizontal to vertical

conductivity in the range of 1.6 to 3.3. The hydraulic conductivities of the
glacnnlamzsmnethydayandsdtvdayulldepoatsare:som;ncandmthe
fange of 2 x 10 to 8 x 107 and 1.5 x 107 to 15 x 1070 cm/sec respectively.
The bulk hydraulic conductvity of the frachured silty clay Hll is as much as an
order of . magmmde greater than the hydraulic conductivity of the intact sty
cdlay tll Laboratory permeameter tests were used to meas:re accurately the
hydraulic conductivity of the dlaciclacustrine sty clay. Secondary permeability

c =iy -



in the lacustrine silty clay and the silty clay Il deposits has resultéd in in sitn
measured hydxauhc conductivities an order of magmmde greater than the values -
obtained in the laboratory. . ’

On thebas:scfmeasuredpomaues,hydxaulmgradlemaxﬁhydmuhc
conductivity values, the average linear groundwater, veloc:.ty in the sllty cdlay
depoatsw&dete.rmmedtobemmezangecfozsw3cm/year Borehcle
éhmonmtsmeasnmedtheappamntavemgehnearvelocxtycfatmnspomed
sodmmchlmdetacermthe:angechGmQanvyear.Substancesuansporbed
in the groundwater at’ the two test sites travel at rates ‘dependent on the
advection and diffusion characteristics of the silty clay media. The distribution
of tritium andcxygen—lsmﬁuesltydaysm]sbeneaﬂuthetwoamare’
d:scussedwxﬁareferencetothesetxansaortmeduan@ﬁ;- )

1
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1.0

INTRODUCTION
L " |
As'part of a study by the Great Lakes Institute of the University of

. ‘Windsor, scail ampls were obtained and gmundwater momtmng.

equipment installed at two bﬁtﬁt&e in the }':Bsex County area. The shidy

' "A Case Study of Selected To:gcpontammg_nts in the Essex Region", has

the cbjective of detgrmining the environmental distribution of two trace
metals, lead and cadmium, andtwoorgamcs:bstances, patychlorinated
hiphenyls and octadﬂm'ostyrene. -

There is little detailed hydrogeological information available concerning
the silty clay soils that predominate in this area. Water wells penetrate
these clayey deposits as far as the bedrock aquifer, generally 20 to 40
metres beneath the ground surface. It is important to understand the

_extent to which contaminant substances can penetrate deposits which

have been’considered to be effectively impermeahile.

The cbjective of this study was to obtain detailed hydrogedlogic
information in the deposits cf the clayey scil that undedie the two study '
Sites. This work includes a review of the available information for this
area, a detailed investigation of the sail conditons at both of ‘the study

. sites and monitaring of the groundwater levels to determine the hydraulic

gradient and direction of groundwater flow. Conventional laboratory and

field -methods were used to measure the hydraulic conductivity of the

Slty day soils .and the results were examined to determine the
reproducibility of the tests. '

The mte of tracer transport in the s‘.lty_'c:lay soils was measured and

‘compared to the groundwater flow rate. The validity of the tracer

transport rate has been assessed by evaluation of the consistency of this
measured rate, with the cbserved distribution of oxygen-18 and tritium in
the sails beneath the test Sites. |
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2.1

-

STUDY SITES

Essex County is located in Southwestern Ontario and contains'the mast
southexly land in Canada.. The county is bounded by Lake St. Clair to the
narth, the Detrcit River to the west, and by Lake Exie to the“south. Kent
County lies directly to the east of Essex County.

. -

L,

'Si‘a%weresele’cteawl'ﬁdaboa]]ow fofrépre‘sentétibnofanurbananda._

‘rural area. B:wasalsmthemtentdxatthetwoat&sofsuﬂy ‘would be
:epr&aentauve of dn?fenng hydrogeolog:.c emm:onments.

L}

Site Locatons

The loattons cE the taest sms are md:.cated on the Test Site Location
Plan (E‘Jgure 2.0, The stes offer dz.EEemng sml and’ hydrogeolog:cal "
environments. - -and because "it is proposed to .use. the . monitoring
mst:a]lat:orsmstalledat thae sites for further work that w:]l]astup to
Eour years, it was nec&esary to seilect locations. that pmvzded a measure
-of %cunty and constancy cf land ownezstnp.

Teét Site _No.’ 1 was located a't the Wbodsiee Sail Research Station, owned
and operated by Agricultre Canada. The property of the sail research .

_station is less than 2 kilometres west of the town of Wooddlee, south ‘¢f

Essex County Road No. 46 and west Maidstone Townﬁ'np Concession

‘Road 18-15. The property is. rectangular app:cmnabely 600 bv 650
metres, in plan area. :

Test Site No. 2 was located on tﬁq_parce.ls c:f land within the City of
Windscr, One of these parcels is owned by the City of Windsor
Department of Public Works and the cther by Dome Petrcleum Limited
The Dome Petxoleum Limited property lies west of i\-!atdj.ette Eioad, south
of Carmichael Road and is bounded by the E.C. Row Expressway
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~_TEST SITE LOCATION PLAN - . Scge L1250
- TSI = Woodslee fest site - S _ ‘
TS2- West Windsor fest site

Lambton County

State of ‘Hik:hlqhn

State of
QOhio

FIGURE - 2.1
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and the Essex Terminal Railway R.O.W. (right of way) to the south and

~ west respectively. The West Windsor Pollution Contxal Plant operated by

the City of Windsor Department of Public Works is immediately west of -

-theEasexTennmalRa;lway R.0.W. andxsboun&edtothewestbyt'he.

jx.bway Parkway.
Physiograply

The test sites of this study ars located in an area generally described as
the St. Clair Clay Plain (Chapman and Putnam, 1966) which covers parts
of Essex, Kent and Lambton Counties. The area has little relief with the
exceptdon of some isclated. moraine deposits located in- the southern
portions of Essex and Kent Counties. The relative levelness of the region-
provides for very low gradients in “the surficial drainage duanne]s and

- water divides are aften indistinct (Chapman and Putnam, 1966). - The

locations of the Woodslee and West Windsar test sites with reference to

theareascfs;rﬁdaldxainagearéplcttedonmedrawingE‘muCa;nty—,

Drainage Basins (Figure 2.2) after Allendorf (Ontario Ministry of the

~ Environment 1981),

2.2.1

Woodslee Test Site

T\qewbodsleenstsmejsq;ﬁcalcfmemmyplmmmofme
St. Clair Clay Plain region as described by Chapmana.ndPutnam. The site
occupa.esémt:.onofatﬁlp]mnmmeBeﬂe Rwerd:a:.nagebasnandas

'separabedmaneasb—westduectmnbyas.ngledramagedm:hw;than

invert 2 to 3 metres beneath the prevailing level of the ground surface.
With the exception of an area approximately 150+ metres square located in
the sarthwest corner of the site, the imperfect drainage of the drea has’

. been augmented by tile underdrains that empty into the ditch.
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'.Thesteheswmnalargeagncdnnalazeawhe:ecmpsofcam,

2.2.2

plotsma:atedbyavemmofsod. o -

West Windsot 'I‘est_Sire :

'soybears,andwmter wheataxe commonly gmwn.Inuseasanagncu]mral_
sail research centre since 1946, thetests:.'oexsculnvatsdm distinct - .

'_'I‘he Westhdsort&stsmehesmﬂue wesbarnfnngeofthe‘ﬁ‘ssexday‘

plain and has a gently ralling ground surface. The ground elevation across
" the site vares by approximately 4 metres. The .gzade elevation in this

aréaadjacentmfheDetroitRiveriSQE:zaallyatabwerdevadonthan
1scommoncvermosto£thecommtva:ea. Typical of the clay glain region,
tmsarealspooﬂydramedandlslooselymd;ﬁedmme'mrkevCree_k
dradinage basin as plotted by Allendorf (Ontado Ministry of the
Envi‘.mﬁment, 1981). The Dome Petraleum Limited partion of the ste is
subject to- seasonal flocding in some areas. Drainage where provided, is

— accomphshed with shallow ditches that have inverts less than 1 metre

below the surrounding grade. The West Windsor Palltion Contral Plant
s:.tehasbeenlevelledbydieapphcauonofﬁllbutlsgenerallyata
lower elevation than the Dome Petraleum leted site. The constructxon
of catch basins attached to the mu.ru.cnpal sewage system eﬂsentlally
controls the surface drainage in this area.

The West Windsor site is located in an wban area in which there is

diverse use of the available land. To the north and south of the test site’

are park land and residential developments. Immediately to the east of
the test site on the opposite side of Matchette Road lies the West

‘Windsor Landfill Site. This landfill which is in its final stages of

contruction rises approximately 30 metres above  the level of the
sarrounding areas. The test site is a portion of, and is bounded to the
west by, land that is used essentially for industrial developments. The
Dome Petroleum Limited site is partially occupied by three large brine
ponds. ‘This brine is used to disglace petroleum products stored in

~
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’ 'underground salt ¢ caverns apv,_:n:mamately 300 metres below . m'the bedrock.
There are ™ ach.ve.lagoonsat the West Wmdsm: Po]lutwn Control P]ant.

-

Thewasbe:sge:ﬁa]lycontamedatﬂproc&edmconccebetankage .

2 gotom B L e

. - Lo <.t - . c-
- .

. Thé Bssex County arealégenera]ly unde:lambyhmesbane, do]osbane,
) “-shale deposa.ts of 'Mlddle Devoman age, whu:h are mantled by t-luck
- deposts cf Plexslncene and Recent md:.mems (Vagners, 1972a~amd‘b).

- . -t . - -

2.3.1 Pm@ﬂeology f.'j-i BERES HE

- - - .
. . ; - PR . P, N -

A deoos:.t corsxst:ng cf grey brown cz]mlutme- maem.ve cora]me bzodastrc
hmes!:one; and hght ‘brown stromatoht:c m]ceremte labelled: as the Lucas-
_~Formation of ‘the Detwait RJ.VE'I Gmup (Telford and R{melL 1981
- undeﬂlesﬁ)esxrthemporuonofEmex County andanl:ém 3210.Iometne".
T-a to 2~mile) w1destmp cfland along the w%tern edge of the county
{Vagne'cs,-lg'iza and b). The Weﬁt Windsor test’ s.Lte of- th.ts mvestlgatzon is-
IocatedabovebedrockoftheLucasFormatwnmthxsgnpdland. a

L -
. -

Brown cha‘ty mnoldal h.mabone ch the Dundee Formatton oveﬂam the
Lucas Format:on depos:.ts and oonstm:tes the bedrock for the majontv of .
 the northem pomon cf Bssex County (Telford and ‘Russell,.- 1981)._ The .
hmestnne of ‘the Dundee Formatmn is map,_med as t-he bedrock mderlymg.--
theWmdsleetestsxteofﬂnsmvat:gauon. o ' -

232 bAuarcernarv‘, er _',' Geology'_'

. hThe\Ontano Dlv:s:.onoﬁMmes of” the Mlmst:v of Natural Reaources has. .
p:epa.red maps of the Wmdm?&aex ar.ea mdlcat:.ng the t’cucknes -af
Quarterndry.'arift! which covers the beamck (Vagners etal, 19732 and
") Theeemamarebaseaonavaﬂablewaterwellrecar&s,boreholesfor

petroleumex;il.orauonandselsmcrecords. Theeemapsm&catetl'xatthe



'Qua:tenarzdepoa.tsattheWeQ;WmdsarandWoodsieemS.tesareof
-.'thec:dervaOandWmetresmxckzespecuvelyr R N

- . -
~ T . r -

. Pubhshed wat:er wellrecards tOntan.o Mlms::y of- me Enmnment, 1977) x

‘mdmatetwo wel]smﬁ’xeareacfﬁle West Wmdscrtestate wha.ch
.-encounteredl:.mestonebedmdcatdepthscf%and% metresbdl.ow grade
‘;n@ech.vely. The recor& of- two wells drilled at the ‘Woodslee Scul
o R&eearch Centre. mdlcate that limestone bedrock was encountered at a.
L 'depthcf3-7 'co-375met1:esbelow the g:ou.nds.:rface.
2.3.2_;1*.Wooa§gé '1:@-_ Site

-

o Vagners (1972by malcams that the' anft: in‘the area Cof the wOoasaee m P

's.tte is a’dayey st tﬂl of W:.sconsman age ﬁlat is the- most com.mon
.erterna:v sedlmentm the zegzon. The Wzscorﬂnan tﬂl matemalxsalso
: -'_'the cldest of t’ne 'dnft' deposx.ts that .have bee.n mappea in r.he Esse.x
_'County area, Vagne:s otes” ﬂ'xat tms matenal, e:dubmts s::rucmres,
'-hthologz.@ that may malcate a wat:e):la:d ongm and some portxons of ‘the .

'.‘_-deposxts which have a tzll—l:ke appearance may- have been formed in. a Tl

- . .senescfglaa.allak&swhmhmundatedtheEssexregmnaftertheretreat
A . _of the WJscorsa.nan glacn.atlon,, ~w1'nch case these sedmxents wou]d be
Wﬁ&ecnbedasglacm]amtmne. '-13_,,,,- R -

- - . . - . - -

- . v, .

- - -

'I‘he agnctﬂmzalsmlan:vey cf Ea@ex County (E:q:emnental Farms Senm:e, ..:‘,"
1947} mdu:atas the. Woods‘..ee test. SLte- iso w:.tmn an area mapped ‘as -’
underlain - by Brooisban Qlay". - The Brookston- Clay_ sml prd:ﬁ.le is"
deacnbedas havmg poor na{:ural d:amage anda fairdy hlgnorgamr: matter -
contentm the s;rfacesml. Adetasledsmlmapofthe Woodslee&sts;te
(Enqaem.mental ‘E‘a.r:m Serv:.c.e, 1946) g:onfu:ms i'hat ﬁ&e s:.te is. p:'edOmmanﬂy

_ unde:'lam o4 a Brool-sban Clav pmﬁtle however it does contain loczl areas '_

. coyered by. t"un aepoatsofsand‘épd sandyloam, 150 to 450 mm thick. * A-
'tvpncalBrooksbon GlaypmﬁleconsxstscflSOtomo m_m ofdarkgrev
" brown silty d.ay, 150 mm of gnev drab sali:v' clay ‘with vel]ow hrewn

[



. '_'?mouﬂmgs, and 450 o 600 mm of grey. sxlty Qay with yellow brown -
mcu:hngsundedamhyheavycalcareousbmwnsltyclay‘d]l(greybohght .
___."gneyl containing shale and lun&s!:one fragments. - Water we'll records_

- {Ontario Ministry of the Environrent, 1977) indicate’ the brown. silty dlay -
" HlL(yellow clay) extends to depths.cf 4.5 to 9.0 metres below grade at .|
'+ the Woodslee test sife. Beneath this level the silty clay £ill becomes grey .

;'.-o:me clay) andextendstndepthsof345t036 metres below grade. The

. "silty clay +ill is separated from the limestone bedrock by 1 £0 2 metres of
coameandandgravdatﬂaeWoo@eeate. ‘

L -2.3._2.2 West ﬁmdsor 'I'est'Site

Eollowmg the 1ast ofthe g]acnal lakes and pm.or to the time of Early N
LakeSt. Cla:.r theLakeSt. Clmrbas.nwasoccupledforashortpenod
by Lake Rouge (Vagners, 1972a).. ‘Lake Rouge depoated gravel, gravelly
sanc'i and medmm and found in the area of the West Wmdsor test site:

. Agncdtm:al saﬂ. mappmg in the West’ Wmdsor site area (th:en.mental. ‘

Research ‘Farms, - 1947) designates the surface of the Lake Rouge deposits -

:.'ast‘neGranbyandBe.menSands. Thes:rfacecfdueseanddepo&ts'

. typically consstoinOtolSO mm cfbmwntogreybrownsmdyloam,' _
poorly drained and h.Lgh in ' organic material. This suﬁace layer is
‘underlain - by apprommatelv 750 - mm of yellow brown ar grey sand -

'_ove.:lymg qrey calcareous sand. Silty clay till is encountered beneath the
' andatadepthcflto2metres. Waterwe‘ilrecords(Ontano Ministry of .

the Env:mnme_nt, 1977) from this area indicate that the clayey material

exterﬁsto the bedrock surface, at 33 to 35 metres below grade.

2.4 Hyﬂrogeologv .

Pubhshea mformatlon concerning the hydrogeclogy of a region is
genera]ly available in the form of water well .records. In the Essex

. County area about eighty per cent of the recorded wells are terminated:
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" " in the beamck (Ontano Water Resources Comm:moﬁ, 1971). Since ti'xe
' majon.ty of the sediments above the bedrock are fine-grained silty, clay
- Hll and glacnolacustune matne.nal it is not surprising that water supplies

. are genera]ly derived from the bedrock and J.nforma‘aon concermng the'?' ‘

: shallowhydrogeology:sspaxse.

. Some GOmes::.c water supphes are obtamed from storage in large diameter -
weIJs in the silty c]ay depoats b:t the yleld is genera:lly low. The
~ availahble information - concernmg the hydrogeology of the. a:rﬁmal
' uarbernaryage&epoatsmd&:cnbedby AJlendorE(Ontano mestzyof
‘the Emnmnment. 198].) as follows:' - ‘

) "Groundwag movement through the alrﬁcnal maten.a]s in- the study area
is-slow due to the hydraulic gradient mpo@ on the ground water by the
_ relatively flat topography.  Areas .« assoclated  with permeable
glaacﬂnual/glac:.olacusb:me ‘deposits mcrease the groundwater gradient
. .locally. ' Most of the area is underlain by poorly permeable materials
(tll/sllt/clay) and in conjunction with the low hydraulic gradlent, ‘thé
wa‘oertable:sgenerally foundcﬂ.osetoﬁ)e land sarface.” - .
'Deﬁaque:s e al. (1981), studied the hydmgeology at- for sites in
Southwestern Ontano -underlain by thick deposx.ts of clayey 11 - and
glamdaaﬁmne clay One' of these st:as was near Woodslee. It was
- concluded from 'clns Smdv that the rate of groundwaber movement in the
dayey depoats was very slow (0. 13 to 0.26 cm/year) as substantlated by
- the assessment. of an age of at least 8000 years for the groundwater

sampled in the deeper’ port;ots of the deposits.
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THEORETICAL CONSIDERATIONS

Incrder‘bogiaﬁahydmgeologicalinv&sﬁgaﬁonpmjecttosdectﬂxe

-eptimum monitoring locations, and design instrumentation that will provide
the most information at the least possible cost, it is necessary to cona'.der
the theoretical aspects of groundwater flow. The characteristics of sail-

~ meaisture movement, the limitations of conventional testing procedures, an

3.1

‘the parameters affecting the transport of material dissdlved in the
" groundwater are impartant to the cbjectives of this stdy. '

Sail Maisthire Micgration

The mmsture that fills the woids in a saturated soil migrates from areas

'.ofhigh'ena'gypotent:'.altoareasoflow energy'potentialandenergyis_

3.1.1

bstdnmng&usmgrahonowmgbowsccusmﬁanceonthemrfacsof

-the, individual sclid soil particles. With the exception of soils containing

large opemngs o fmcmr&s, maisture movement is very slow and has.
laminar flow characteristics. )

‘Hydraulic' Gradient

'i‘he_rabe ofenergyd]ss:.pat:on in the soil by the migrating moisture per

© . unit weight of water, per unit of distance travelled is the 'hydraulic

gradlent' designated 'i' and it can be demons:zawd that the hydraulic
gradient of a flow system is equal to the variation in the 'hyri:atﬂ.l.c head'
‘designated 'h' over a distance 'dl' such that '

i=ava T« O

and is dimers‘iorﬂas.'
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3.1.3
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3.1.2 Specific Discharge -

Inahomogeneommotrogmcsmlcfm—secbonalarea,'?&' mpendictﬂar
mﬂae&recnonofmmsmre migration, subject to a uniform flow, 'Q', the
'specific discharge' designated 'v' is the flow per unit area: '

v=Q/a | '(2)‘
Thesoec.ﬁcdzschargehastheumtscfvelocn.tybutltzsacma]lya

macroscopmgopertycfasmlﬂowsystem. <

barcy demonstrated in 1856 that the specific discharge of a flow system
1spcoportmnaltothe hydraulic gradl.em:mtnns:.ct:thesystem Darcy's

" law was formulated on this basis as:-

Q = -KAdAL .3

A constant of proportionality, designated 'K',.and known as the ‘hydraulic -
conductivity' of the sdil is included and a negative sign adopted to signify
the flow takes place from an area of high potental to an area of low
potential.

.
Hydraulic Conductivity

" The hydraulic conductivity is a specific property of a- soil” flow sz;s;tem

that is proportional to the characteristic size of the soil particles '@ and
the density of the flid ' § ' and inversely propartional to the viscosity of
the fluid "', such that ‘

K = ca® es/a W

where 'C' is a constant of proportionality and 'g' is the acceleration due

. to gravity. Whereas the factors"'?‘and'u' are functions of the fliid in



the system the factor 'ca® is a function of the scil medium that is
designated 'k, the permeability of the medium. Thus:

R=kggk _ )
= can be seen from thme«_aquatibm;ﬂxatthepermeabﬂityofamedium k'

will have the dimensions of area while hydraulic conductivity 'R' will
have the dimensions of velocity. -

In most natural groundwater flow systems the fhud mvolved is usually
water which will vary only slightly in density and viscosity because of
_ temperature or dissclved minerals. Therefore in the flow systems of this
study the principal variation in measured hydraulic conductivity is a
func\:’don of the intrinsic permeability of the sail medium.
3.2 Evaluating Hydraulic Conductivity

- fSeveral pmchgdumes and a number of different pleces of apparatus have

 been developed to assess the intrinsic permeahility of soil samples and the

| bydradic conductivity .of related flow systems. Similady there is a
variety of aparoaches for the assessment of the hydraulic conductivity of
in gtu flow systems.. |

3.2.1 Empiric Estimation of Hydraulic Conductivity

The intrinsic permeahbility of .a'sail medium (&) as represented in the form
ca? has loig been used to relate grain size to permeahility and
. subsequently hydraulic conductivity. A long-standing relationship
attributed to Hazen sets 'd' equal to the mean or effective grain dlameter .
of the sail.  Effective grain dlameter is cften noted as 'd) 4’ where 4, is
that diameter where 90% of the sail sample is coarser by weight, 'C'isa
dlmensmrﬂess parameter dependent on the units of measure, the grain-size
distrdbution, grain shape and packing amrangement The Hazen .
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approximation, was criginally developed for uniformly graded sands but the
apprmnmatmncanbeextendedtoamlrangmgmg:amazefmm ﬁnesand

“to gr.avel (Freeze and Che:ry 1979).

/
7

Reﬁnements of the relationship between gram size and mtmmc
eablhty have been suggested by several authors. The Kozemy-Carmen
equation (Bear, 1972) replaces the 'parameter 'C' of the Hazen '
approximation with a porosity relationship based on the premise that the
pomatyofasml:sanmherentmeasareofthegmmaze,gmmshape,
and packing anange.ment. The Fair-Hatch equation (Todd, 1959) introduces
separate packmg and shape factors in addition: to the parosity relatwnsmp
of the Kozenyh-Carmen functton.
Thess relationships are useful to provide rough estimates of the
permeability of  non—cohesive siils and can also estimate the hydraulic
conductivity of scil/flid systems when terms- for the fluid propéerties,
density and viscosty are incorporated in the equations. " These
relationships hreak down when apglied to scils in which the predominant
sail component‘s are conesive silt and cdlay. The essence of this breakdown.
is the inherent parosity relationships  associated -with cohesive and
non—cohesive sal types. The ma;ontycf the parosity cfagranularsml:.s
"interconnected' porosity. The nature of non—cohesive sail grains is “sach
that they do not nest in a way that will entirely contain and close a pore
space, Conversely plate-like clay particles and the.u: associated envelopes
of bound water, form a scil with a substantial amount of unconnected
pore space.  Relationships which relate decreases in pore space with
decreases in permeability are not apglicable to cohesive sails. The
mcreasemparos:.tyocfacoheswe sail is related to an increase in day
mineral content and an increase in clay mineral content decreases the
interconnected porosity. Interconnected porosity is the only component of
oorosity that influences sail permeability. '
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Constant Head Permeameters

In a constant head permeameter oneer;dofasab:ratéd sail_ainp]eof
ﬁimedlengthmandcrosa-secﬁonalafea(misexposedtoahea'dofﬂma
contralled at a constant level relative to the sample. Seepage thmugh the
sample takes place at a ‘steady rabe under the inflnence of the gradient
established in- ‘the sample if the level of ﬂmﬂ leaving the samp‘le is
controlled at a constant and 1ower level relative to the samgle. The How
ofﬂmd(Q)ﬂumughdnesample:sdeternunedbytheduectmeasureof

'thevalumecfﬂmdpasedtmoughthesamplemaﬁxedpenodofbme.

A direct apglication of Darcy's Law indicates ﬂ'xat the hydraulic
conductivity of the system (K) is equal to the measured flow divided by
the fixed fluid head differential (h), adjusbed by the ratio of the samgle
length to cross-sectional ares, such thal: :

K = Q/Ah . L ()

Where the test specimen consists of a finegrained sail, a substantial
pemodofmnewou]dbeassxnatedthhccﬂlectmgaagmﬁcant
measurable valume of nd through the sample with all practical reservair
arrangements that maintain a constant head differential The constant |
head permeameter is therfore impractical as a tool for evaluating the
hydraulic conductivity of fine-grained soil in this simple form.

Variable Head Permeameters

In a vadable head permeameter the sample of sail is similarly constrained
with a fixed length () and cross-sectional area (A). Fluid is introduced to
the sample from 2 standpipe of significantly smaller cross-sectional area
(at). Whereas the flud level at the end of the sample oppcsite the
standpipe is contralled at a constant level, the flind level in the

- standpipe is allowed to fall. The rate of the £hid level decrease in the
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standpipe is measured to determine the time difference between the start
of the test (t_ —mandsomestagecfmem time (tl),whe::ethehead__
dlfferenhalonﬂ\eamplehasakeredﬁromh tohl. As a result of --
decreasmg head differential, the flow through the sample also decxeases.
Theﬂowmthestandpu.pezsgwenbw- .

d=- d . L )

and the egual flow through the sail sample is given by: .

A

dQ'= RAh &t @

equating these expressions and 'separating variables

-

" RA dt/l=-a ghv/h  C . @)

mtegratxonoftiusexpreaaonfor't‘ fzomowtland‘h‘ frth tohl
and reanangmg terms: ‘

~ . T

R =al/Ak x Inh c/hi} | S ae

A varaton of the varable head permeamster. apparatus, the pressuce )
 permeameter was used to test amples for this smdv A schemat:c
dmgramofthzsdevxce;spreaentedm?xppendxx'ﬁ ‘In a pressure
permeameter the flid head difference on the .sample is increased by
pressunizing the flid entering the e‘ngi_of‘wthe sample opposite - the
standgipe such that the hydraulic “gradient through the sample is
substantially ihcreased and a significant flow is measured in the aandp:.pe
by the determination a /) in a relatively shart penod of Hme. The
 Gifference in total applied head QEEferential (h -hl)zsvervsmall
compared to the applied head G fferential. In this case the average head
differential during the tme t, to £ can be substtuted for In (h c/‘hl) with
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nosgmﬁcanterrorandﬂmet&stappmmabesaconstantheadﬂow
system such that: :

K=a/mxVaxh,-bp2 A
One Dimensional Consolidation
The behaviour of a sail mass ‘subjected to an increase- in loading is

variable with time. The water in the pore spaces &f the sail is essentially
incompressitle and this water initially sdpparts the load increase in total

Thereisanin.c:eageinmemzreonmewa;térin-mepor@cftﬂémil .
‘of a magnitude equal to the applied: increase in pressure. This "excess

pore water pressure® provides for a hydraulic gradient between the loaded
valume of sail and an unaffected wlume of-sail at some distance. With

the passage cof time pore water will migrate under the inﬂnenoé czE this -
~ hydraulic gradient and there will be dissipation of the excess pore water ©
pressure. Astheexce:sporewaharpre&axedissipates%hesoﬁdparﬁdes’

of the sdl suppart the loadmg transfecred from the pare water. This
process is known as corﬁohdat:on .

Under a given mc:rementalload increase, pare water wﬂl migrate from the
loaded sdil volume until the entire excess load increment is supported by
the solid skeleton of the il particles and equilibrium of pore water
pressure  with the sirminaing unloaded -sail is re-established. The
eqm.hbn,um state caincides with the total d:ss:.pat:on of the excess pore
water p:&a:re. The rate of cor:sohdattonm a sail is directly related to

‘the hydraulic oonductwlty of the sail because the hydraulic conductlmty -
governs the rabte that exce&;mre wat:ergessure can be dissipated in the
- .l . mt !

The one-dunens:.onal consohdat:on .characteristcs of a soil are meamred'
in an odeomemr appar.atus. The sail sampl.e is daced in a cell where the

samgle is laterally confined by a ring. 'I_‘he unconfined ends of the sample
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are dramed by porouéstnnes'and gonsxonzs madéto axially
 (one~dimensionally) apply load increments to. the sample. These load

increments are.corventionally applied by a system of weights and levers,

'Forti'ﬁs‘sb.ﬁyanodeomebe:thatemploysanair[ﬁsbontoloadthe

samples was, used. A schematic dxagram of this apparams is gz&aerrted in
Append:x E.

Fcﬂlowmg the apglication of a load increment to the laterally confined
ample, the tmcknes of the ample decreases and the rate of change of

the sample. thickness is measured. Assuming the sail samgle is satirated
‘prior to. loading, this change in the sample’ thickness represents the total

void change and therefore the total valume change of the sample under

. S noted previously each increment of load applied to the soil sample has

a dlst:.nct oen.od of consohdamon am.ated ‘with the dissipation of excess
pore water mres mduced by the load mc:rement_ By measuring the
rate of change of" sample thickness the consalidation period for. a
parhmﬂarloadmcrementcanbemad. Afactordesagnatedthe
"coefficient of consolidation” (CyY relat:.ng the. valume change of the
sample to-time is computed after the methods described by Lambe (1951).

When a samgle is subjected to-.a smes of incremental load increases

there is a sample void ratid associated with the end of consolidation at
each load increment.” The relatnomp ‘between this woid ratio and the
loading on thesample:s mn—hnearandzsda:nbedbvthe "coefficient of
compressbﬂ:.tv" &) sach that .

e . aw

wheze 'e’ is the vaid ratio of the soil sample and p' is the stress on thé
sample. ’ : o

;,-
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The ﬁ:ctoi:s'."cv' and 'a ' derived from the consclidation testing of a

~ samgle, describe the conscliddtion characteristics of the sample. These

‘dla:acbensucsazedependentontheeffecuvepomatyof'dmemme

grmnsze,theg:camshape, andthepachnganangement In effect, the
consalidation factors are .governed by the’ eamemt::ns:.csmlpmperu&sas
the hydraulic conductivity of the sail such that the hydraulic conductivity
(K) can be derived from these hct;orsby:.

K=(.:vav?w/l+e ' (13)-

: where Xw is the unit we_lght oE the water in the soil

Thecompmb:htycfmewlzsdepexﬁentonﬁuestateofstre&".'mthe

smlandthecoeﬁﬁcnentofccrraohdauonzsdependentmthesb:&mmstow

of the.sal. The hydraulic' conductivity valne den.v;:d ﬁrom these

coefficients is therefore variahle with the state and history of stress in
the sample tested. The extrapalation of hydraulic conductivity values

obtained in the laboratory to feld conditions must therefore ‘account for

"thems:.t:.xstr&escon&tons.

3.2.5

Three-Dimensional Consalidation

A sample of soil can be consalidated threedimensionally in a triaxial test
cell whé:e‘ the increase in pressure on the membrane covered test sample
Jsapphedbvapraamzedﬂmd. Smceduerexsnos:.ngled:.rectmnof
shrinkage - associated with the volume change of the sample due to
consclidation, it is necessary to callect and measure the pore water
leaving the ample 0o demr:mme the consalidation " parameters. The
re.lab.ons."ups estahlished between hydraulic conductivity and the
coefficients of consalidation and compressibility are equally apphcable o
three dimensional consclidation. The conditions of a three-dimensional
consalidation test have to be estahlished in such a way that the drai:iage_
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-'hvdrostatxc level of the surrounding sail, 'and the geometry of the
mslrument is known, then a mechamsm is avaﬂahle for the in situ

_.20_". :

avenues of the -pore water are chst:nctly deﬁned if the cerﬁcxent of
mohdabonlstnbeoor:ectlyevaluated. :

Asisthecaseﬁortheuseofonecimensionalcérsolidationtstsﬁo‘
evaluate hydrawlic conductivity, 1t:snecmxytoeva1uabe the state and ~
mstnryofm:nthet&stsample:fmelabo:atmyhydraulm_

conductivity determination is to be used to assess in situ conditions..

Single Well Raporse T_es!:ing

Hvorslev notes in .the introduction -to his oaper "nme Lag and Sail

Permeahility in Ground-Water Observatxorrs (Hvorslev, 1951}, .that the' ‘

hydrmtancpmesszmemaboreholeoramlremeaszmngmstmment

such as a g&omeber,:sseldom equalto thems.tuporewatermre‘ .
atﬁmemneofaugen.ngorthemstaﬂauonofmedemce. Itzsafterthe_ _
ho]ecrthedev:.ce:smﬂ.acethataflowofwate:takesplacetp‘

equalize the pressure in the instrument with the in situ hyarcstatxc

pressure, Hvorslev designated the period required for the elmunatlon of

this pressure dlfferent:al as the "time lag". The magnitude’ of the tHme lag

for a particular borehdle, plezometer or cther pressure measuring device -
is dependent on the geometry of t'l'le_‘insta]lédon and the hydraulic )

conductivity of the sail surrounding the instrument.

Sinceitis_possihletoal‘ter-thelevelcfthéwate:inastandpipecr
piezometer after it has initially achieved ‘equalization with the

assessment of the hydraulic conductivity of the sml surrounding the
device. This type of in situ hydraulic conductivity testing is known as
single well response testing. '

. mCreasingctdeaéaa'ng&ehydmstaﬁc;rmems'deapiezometermn

_ be accomplished by addmg er removing Suid respectvely. Alternatively a
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' sahdcyhndermtzoducedtomepxaometerwmrameﬂmeﬂmdlevelm
theg.ezometerandthem:remtheuﬁ:cument‘. IE this salid 'shig’ is- .

Mmmepxezometer,ﬂiehyﬁmstanc;zmemandarwndthe'

mstrument will again equa.hze. At this tine the withdrawal of the 'slug'

_.willhavethesameeffectasﬁlebaﬂmgofwaberfmm themstnment.’-

deacnbed as 'slug ana 'b;ul msts respec!;lvely.

5leorslev asumed a homogeneom Jsot:opxc medlum in wh:.du sml and wate.r
- are "incompressible. - Far- the relatively sma]l mesure d:.fferem:als
. generated dwxing a single - well rsponse tst the comprm.b:htv

"-__‘.chazactenstmsofthescﬁlandporewaterazeneghg:hle.

"Ifaﬁ'ismestatz.c gnezometnchead meas.:redmanobservanmwelland '

. this head zs 'mstantaneously lowered to a piezometric head of 'h', then
_Hvorslev ncted that the fow 'Q' into the well screen at time 't' is
) px:oportxonal 0 the hydrauhc conductm.tv 'K' ‘of the goil sm:roundmg the
screen and the unrecovered head difference 'H - h' sucht thatz

ow = T a/at=FK @D aa

.

factor associated with the geometxy of ‘the cbservation inlet. Equation

%

where 'f' is the diametér of the cbservation well and 'F_' is a shape =

(14) similarly applies when a static plezometric head measured in the

observation ‘well, ' is raised 'instantaneously® to pezometric “head 'H'.

"In both :.msta.nces lt is apparent ‘that QB will decrease at a decreasing
rate with increasing time, since the head differential that drives the
system decreases in maghitude with increasing time. Hvorslev defined the
"sasic tme lag" (T ) as |

_ g2 o
To-‘n’r/‘ssx @as)
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* where 'T_' is the time that would bereqm.redforthe equahza{:on cfime'f_'_-
'.mmal head difference :.f the inidial rate. cﬁﬂow to the wel]: was-_,

cors!:ant: and: . . _-_',j_ ST _',‘.'_ B
; Ty =v/Q T _ (15)

where ‘V' is the vo.hnne of water mu.:—ﬂly xemoved or added to t:he we_‘LL | -
Freeze and Cherry (1979} desc:nbe in det:axla sv.mp'le method to determme_ R
T ' from the gezometer ‘recovery. data. Hvors:lev (1951) evalnate& the .- -~

'§1ape fattor ' for. a- variety - of pxezomete.r: ax:rangement's and the: .
'arzangementapphcablet:meworkcamedoutmﬁ'ussmdyzsthatofa )
p:.ezome*aercfg:.venlengﬂl(’r..)andradms(R)suchthathR:sgreater'.'.

than 8. In' terms of 'T; ‘-thehyaraxﬂz.c corﬁuct:.vltycfthesmls;mun&ng LT
ewellscreennscomputedbv- ) T N

-

3.3 Evalnatl.on ofGroundwaterFlow Velocntyby 'Rracer'rranspcxrt ‘ S

Asg‘ev:.ouslydasctmedgroundwater mlgratesﬁmmareasofhlghhydralﬂm
uenergy potem:alto areasoﬁlow.er hydrauhc energy - potenbal. Underﬂ‘ns

ene:gygradxentthe:elsasgecnﬁca:scha:ge (v)oftheﬂow systemas‘

c=Rwampnn, | Dedn

- defmedmequat:on (2. Spec:Lﬁc dzschargehastj'le dlmerﬁonsofveloc:.tv_'.. C

' but is.a ma::ms:opw property of. the flow” systﬂm, defenng. subsmnuaIlyh o

from the actual veloaty of . the wate: molecul&s travellmg between the

| - sahdsmlpart:cles. ‘Since the smlzsacmally compnsed ofsahdpartmcles‘_ )

andvmdspaces, only thatmtxoncfascnlcroa; sechonoccupled bythe‘

"-vmdqaacesactm]lymppartstheﬁow oﬁmo:st:.zre through themﬂ.

331 Average Linear Velocity.r o S
The sﬂlporcs.ty (nhsa convement measare ofthatport:on ofthe cross
sectmnal area’ occupled by vcud s:ace;. Combumng th:s conoept w:.th

s
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equation (2) defines t'he average 1.1.near. velocxty" (v} of the moisture in |
:thesmlmass:ch that: R ‘ | - ~
' 2_=- V}h'._—.l o/nn | : _l(1_8) _'
_"'“K dh/ndl o . o - (19)

’ ;Averagehnearve]omtymnbedma:acbensedasthatveloatyatwhldqan

.‘ . -average mo‘l.emle of water would move in a stza:.ght line path thmugh a

.so:l mass. Iake soecnﬂc discharge, average -linear veloc:.ty is a

- '-_'ma.croa:op:c pmperty of a scil flow system. Water malecules migrating
: thmugh a sail mas take' a- tortuous path between the individual sail -

R A'grams. Since a wat:er molecule migrating’ through the sail pore spaces will

. _generally t:avelagreaterd:stanceﬂ;anastra:ghthnepathtotravel
. _-'.between two’ paoints, the. majon.ty of the water mdlecules in-the sail’ will

_'-".have actual mt:e_r:granular veloca.us in excess of the average  linear
' _"vveloc:r.tycftheflow syshem. - : .

'.'It would be effect:.vely unpract:cal to at::empt o debernune actual

BT __molecnﬂar velocr.tzg in- the sail . flow' wstem, but the average linear

__f_veloc:.tyzsaneﬁfectwe concepttoquanufy theuansportvelocltyof
. -substances da&aalvedm g:oundwater flow.

Atxacermasubstance matlsaﬁueraddedto,oroccursnaunallyma ¥
flow svstem sothatﬁ:edetectable mcvementaftkussubstancemthe
ﬂowsysbemcanbesmdledmdebemune&edw:actenstxsofmeﬂow
sysbem A{racercanalsobeusedtodetennmethediamcbenstusofthe
ﬂowofambstance dnsolvedmthe gmundwatsr ﬂowsystem



-24 -

-An ideal tracer is easly detectable in sma]l qua.ntLty, and t:ansported in.

the groundwater flow system in the same way as the natz:ral groundwater,,_,';

_-if the purpose of the tr:acem‘ testing is the quant:.ﬁ.cauon ofthe:'
: groundwate.r flow parameters. Some substances dissalved in groundwater '

will substantially alter the density: and viscodity of the affected wate.r"
‘-ands;bsequentlythehydxaxﬂlcproperuesofmeﬂow system. Asubstance'-' '

mtroducedasatacercaﬂda]soalterthepmpertzaafthesxlmedmm, .
‘orgempu.tahamthepm:esgacesofmemedmm wh:chwou.ﬂda]soali:er"'
' themm.nscpa:meabﬂltyof&lemedmm - '
Aso]ublemn—:eacﬂveszbstanceaxchasatracer:st:anq:ortedthhthei
ﬂowofgroundwabarandtlnsgmce&nscalled'advecuon. I the tracer

'doesnotmbsbant:allyali:e.rthedermtyandwsccatyofmewa’oerorﬁle,.. .

mtnnsche:meabﬂ:i:yofthesmLthenmet:acerzscamedatarabe
equal to the average linear velocity of the groundwater.. In addition to

this simple transport-in the direction of groundwater flow, the tracer will -

spread out in directons essentially perpendicular to the flow direction.
. The spreading of the tracer substance in the groundwater, ‘dis_gersi.ori’, '

reduces the concentration of the txacer ‘sabstance with increasing
+ distance from the tracer source. "

The dlution effects of dispersion are the result of two processes. A

partion of the tracer dilution is the result of mechanical mixing of the .

tracer malecules with iric:réasi.ng numbers of water mdlecules in the
tortuous How pathsbetweentjaesohdsmlpartxd&s. Tl'usprocesss
termed 'hydrodynamic dxsoers.on and is dependent on advect:on driven by _
the hydraulic potential energy of the system. The decrease in the_
concentration 'of atracers.lbstance in a sail flow svstem:salsothe_
result of a process called 'diffusion'. Diffusion is mdependent of .
advective transport and takes glace as a result of the kinetic energy of -
the tracer mdlecules. |
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The dffusion of a dlssolved substance takes ﬂ.éce at a rate governed by

‘the coni:enération gradient of that substance 'dC/dt’. Even if there were
‘no hydraulic g:adlentm the. sml (iLe. no Sow condition) and therefore no '

advecuvetransportcfatzacers;bstance,thetxacerwmﬂd&spe:sem
the’ groundwater until a concentzatnon gradient no longer existed. This
concept is aptly deambedby‘:“mksﬁ;st]aw such that O

.

F%-odC/dx - @

: ,-where""'ismema:sﬂux,ﬂlemac.sofsamteperumtareaperumtmne,,

andhasthedamensxorsofmasdlvzdedbyumeandthes;uarecflengﬂk
'D‘Jsdeﬁnedasﬁaecoeﬁﬁmentcfd:fﬁmnandhasthedunenswnsd

-uaesqmzeaflengthdmdedbyme. D:.EEus:.oanaJsoamnedependent'

procemasexp:&ssedm E‘J.ckssecondlaw such that:

d‘C/d_t=Dld C/dx - IR (21)

'The elect::xcal conduct:.nty is the measure of a s:.bstances ab111.ty to‘_

. transmit an eled:ncalcment. Spemﬁcelect:::.caiconductance:s an . .
.. indication of the botal«&&eolved salids (TDS) in groundwater. The greater

number of dissalved ions in the groundwater, the greater the conductance. -

' _ Generally e‘l.ectncalmnduc’cance is related to TDS by the ecpre'ﬂon.

- 3.3.3

TDSA=CE_". A | ' G0

'where 'TDS' is expressed in mg/l, 'C' is the electncalconductancem '

mlcroaemers (uS), and 'F' is a conversion factor that genemlly has a

_range of 0.55 to 0.75 (Freeze and Cherry, 1979).

;T.‘wo—We]l Tracer Test Mgtl'tod

Tﬁéslmplsshépphbéﬁonofatracertoquanﬁfyﬂuechamcteﬁsﬁpsqfé

- flow system is the two-well test method. A tracer substance is injected
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'- into the groundwater flow system at one location and the time and

" concentration of the tracer arriving at ‘ancther downgradient location is

" measured. Thlst&atmgcantake two ﬁorms,asngleﬁmte 'slung’ of tracer

 .can be imjected at the source point o the tracer can be continuously

‘s.;upglx.ed- at controlled concentration. In either case if the direction of

groundwater flow is not known then an array of receptor wells is
B r‘xeo&ssaa:y’ o im:ercept the tracer contaminated groundwater. |

_Average lmear groundwater flow velodity is detemned from the distance
of the source o debactmn location and the measured time of tracer
" arrival. Atyp:.calmolecﬂeofthet:acerwﬂlamveatahmedmctatedby
the average linear veloc:.tyozftjxe smlﬂowsysbem but some malecules
'wﬂamves:onerandlater&)an thetypncalmolecule dependent. on the‘
. part:lcularmdlv:ﬂual flow path each molemﬂe takes through the sail mass.

_Fcrt&st'swha:e asmgle finite slugoftracer:smjecbedmtome system -
in can be expected that the concentration of tracer molecules passmg.
through the downstréam' cross section will be ndrmally- distributed ‘with
respect to time aboutthattxme d:.ctat:ed oy the. averagelw.nearvelocnty of

the flow system.

Where a constant 60n¢entrati.on tracer 'source is used the downstream
cos sechon of the flow ‘system wi]l recard increasing tracer
" concentration afterﬁxst detection, up to that paint where the' tracer
concentration at the detection point fails to further increase. Since that
time corresponds to the arrival at the detection cross section of virtually
all of the tracer moleciles initially leaving thé injection paoint, the
average linear velocity -should therefore be determined from some time
before the tracer concentration stabilizes. Slichter (1905) azggested the
inflecton paint of the time concentrat:on curve as an indication of that
time where a typical tracer molecule has travelled the distance between'
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¥

Whereastracermmcanbegoodmmmofaveragehnearvdoaty

irvespective of the magnitude of the concentration peak at arrival, the

3.3.4

two-weJltast:snctgemra]lyaﬁﬁc:.enttoquanufythedispe:swn
characteristics of the flow system unless it can be demonstrated that
there are no chemical interactions taking place in the sail or
groundwater. In general it is necessary to have a considerably more
complex testing arrangement to Quantify dispersion pa:ameters because

‘few soils are. actually homogeneous or Jsot:o;nc

Borehale Dilition Test Method

The borehcle dilution test method relates the measured rate of dilution of
a tracer in a constant wlume portion of an abservation well to the

~ undisturbed average linear velocity (v) of the groundwater in the sail

sumundmg the well: sc:x:een. The apparent velocity (v) of the
groundwatnr flowing through the well screen is described by:

4

ac/dt = —AvaC/V . 2)

where 'C' is the-.u'acer concentration, 't' is tHime, 'A' is the cross
sectional area of flow, and 'V' is the valume of water in which dilution is

. occurring, If a single 'Slug‘oftracerisinjectedintcthe well at time (& =

“0) and concentration 'C and 'C* is the concentrauon c:f that tracer at

some later Hme (t) then.

v, = -V/At x In(c/C ) (23)

.The dilution rate of the tracer is the result of several component

processes (Drost et al., 1968) and the apparent velocity (va) cbserved, is
dexived from:

v, =av + v 3 (24)

+ +v_+
k" Vs m™T VY
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where ‘the coefficdient 'a' is a correction factor that takes into account .
the distortion of the natural grouddwatér ‘flow path ‘m{:sed by' the -
_ presence of the cbservation well. The terms 'vk', 'v , and 'v xepr&eent '
_the apparent flow rate amd by dermty convect:on, ve.rucal currents,
.and mixing in the well screen respectively. Thetnrm‘v 1sthe agparent )
ﬂowratecausedbyd:.ﬁfusoncfmetracer

The terms v, ‘v, and 'v'm' can be eliminated from a borehdle dilution " -

. test By control of the well geometxy and test procedures so that:

v,=avtvg . 25

Grisak et al. (1977) déﬁine the correc;ion factor 'a' as
a=Q/Q ' (26)

- where 'Qs"is.tbe flow inside the well screen and ‘Q.' is the flow in an
equivalent cross sectional area -of the undisturbed soil. Drost et al. (1968)
' provides analytical salutions for the evaluation of 'a'. The expressions are
dependent on the permeability of the well screen, sand pack, and the
.undisturbed formation, as well as the geometxy of the well installation. It

is noted that some of theése parameters are difficult to quantify.
Sensitivity analysis of the factor 'a' with respect to these parameters
- indicates that within certain bounds the analytical expressions for 'a* are
relatively insensitive. It is therefore possible to design the coservation
wells used for this testing in such a way as o contxol the sermb.nty of
“'a' so that evabatlon is relatively accurate.

The effect of mclecular di.ffusi.on, assxiabed with the apparent ﬂbw rate
(vd) can be disregarded as insignificant if the actualaverage linear .
velocity of the gzoundwaterm the sail is greater than 3.5 xlo cm/sec.
(Drost et_aL, 1968). Where 'v' is less than this value, the apparent flow
rate due to diffasion must be included in equation 3.3.4.4 sach thats
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v=(v, —vy/a | : 27N

E . | ] I l ) -‘r - l I] I Il n
Most elements acstpredommantly in one isotope with only trace-amounts .
of the alternative isotopic configurations. Some of these isotopes are

stahle, others are radicactive. The abundance of certain isotopes varies in

natural groundwater depending on the history of the water and these
mtomscanbeusedto:dent:fy&ﬁe:entwatarsandthe:sotog.c

' sxgnature can sometimes be' used to trace water movement. These useful

1sotopes,.nat.1rally occurring in the water cycle are called 'emn.:oqmental
isotopes'. ' '

For the purpose of this wark it was decided that measurements would be
made of the concent::atlors of two different environmental zsotopes,

Tadiogenic tritium and stahle oxygen-18. Tritium was used ds an indicator -

_ of recent water in the groundwabter and oxygenl8 was used for the

. 3.4.1

detection of long term trends in the flow systen.

Tridum

Tritium ocours naturally in the atmosphere as the result of the atomic
" bombardment of nitrogen by cosmic rays. Tritium is a radioactive isotope

with a relatively short half life of 12.3 years, but it is not significantly
affected by reactions in the water cycle cther than radicactive decay.

The tritdum content of groundwater is expressed in thtium units 'TU'

where 1 TU is equlvalent to.one atom of tritium in 1.018 hydrogen atoms.

Pricr to 1952 when the first atmospheric testing of thermonuclear bombs
occurred, it is esdimated thatethe natural tritium content of rainfall was
in the range of.5 to 20 TU (Payne, 1972). During the 1950s and 1960s

_substantial quantities of tritium were released into the atmosphere. A
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peak txitium concentration of the crder of 5000 TU was measured from
rainfall in Ottawa in 1963. The relatively shart half life of the tritium
hasleadtotiuerapﬁddecreaseinnidumconcentraﬁbnsincemspension.
of atmospheric testing. Present tritinm concentrations in precipitation are
generally in the 50 to 100 TU range.

Tnmmasusefulm hydrogealogical studies as a tracer of 'young' water.
I a wabter sample contains less than 10 TU of tritium then there is
assurance that this water entered the groundwater before 1953. However,
if the water contains tritium in concentrations f hundreds or thousands
of tritium units, then this water is relatively recent.

Oxygen-18

The isotope of oxygen that contains e.lghteen neutrons, designated ‘180',
is a stable isctope that constitutes approximately 0.2% of seawaber. By

comparison 16

"0 constitutes 99.76% of seawater (Perry and Montgomery,
1982). '

The variation in 150 content (6-30) in water is expressed as enrichment

or degletion of this isotope with respect to 1°0. This vadation is

measured as parts per thousand (/oo difference from the standard 18O
16

to 0 concentration ratio designated SMOW (Standard Mean Ocean

Water) such that:

18 (18_0/‘1 6O)sample o
8770 = - 1) x 10007 /c0 - (2B)

BoABorsmow

Oxvgen is fractionated by evaporation and }_xec:i,t_:itadbn in the water
cvcle, such that the evapcoration and condensation of ocean water as
precipitation results in the depletion of the waber in the heavier 1_80
atoms and 8180 is necative.
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The quantity 6 80 is affecbed by the temper:atme aE condermtmn. -

Ind:.wdual p:ecn.pntanon events at any location will have sgmﬁca.nt
vanat:ons in 8180 dependent on the p:evaﬂmg temperatme conditions,

o but the groundwaber redxa::ged by comhbined yeaﬂ.y precipitation will tend

. areaa;dlthat&xemeans 0 (

to have a 8180 valne consistent with the average temperature (ta) of the |
180 680 ) 15 related to the mean anmual air -
temperature in degrees Celcius () by the expression: ' ‘

8. _ - L
§°0_ =0.695t -13.6 . £29)

{Dansgaard, 1964).

If there is a consistent .trend towani enrichment . ar _depletion of_'
oxvgen—lB in the porewater of asoﬂ.proﬁle then this diange in 6180 is
indicative of a vadation in mean annual air tempetamre affecting the -
precipitation entering the ground. Since significant variations of mean
annual air temperature odly occur over geologic time periods the
detection of a variation of 6150 in a il profile is dependent on a very
ttﬁckgxdﬁlecrare]ativelyslowrat:eofoxygen—l&trar@ort.
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4.0 PROCEDURES

.The Gocumentation of site conditions, collection of samples, monitoring
installations and the measurements and testing:using this instrumentation
constitute the fieldwark portion of this project. The laboratory testing of
the sail and ground water samples is discussed separately.

41 Fieldwark .
4.1.1 Sail Sampling

Drilling at the Woodslee test site was carried out in' two phases because’

the positioning of some of the monitoring installations was dependent o~
thegxelmmazvmﬂtsobtamedatﬁmegxaseoneab&s. Theﬁrst;haseof :
the operation took glace during the pericd February 9, 10 and 11, 1983

and the second phase of the work'v;vas completed on Apdl 11 and 12,
1583. ' '

Drilling operations at the West Windsor test site were carrded out on
March 10 and 11 as well as March 16, 17 and 18, 1983. The interrupticn
of the site wark was caused by delays in obtaining necessary equipment
for the installation of instrumentation.

oy .
The drilling unitiar}d akilled operators were obtained from Dominion Sail
Investigation Inc. The unit used was a CME 750, four wheel drive power
auger machine manufactured by Central Mining Equipment Limited, and .
equipped with two sizes of hollow-stem augers, 82 and 108 mm inside
diameter. Sampling was carmed out-usiné either a standard split spoon
sampler or thinwalled tube samglers (Shelby tubes) of 51 and 73 mm  °
Sizes. The drlling unit was equipped with a standard 62 kilogram (140
pound) hammer with a 760 mm (30 inch) fall to pexform Standard

Penetration tests ar to advance the samplers in hard or dense sails.
yal
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In -the amgﬂedbo:ehol&s(atleastonemleper momtnnng mstallat:on
site) sampl&s were taken conttnuously in - 450 mm mc:ements. Whe:e
samples were taken thh the split spoon sampler the material recovered

._wasczrefullyremoved&omthesgmtmbeandsealedmauught

containets. Shelbymbeamples weretn.mmedandsealedmthe tubes at .
thednﬁmgabewm molten sealing wax. Afterthe waxhadsohd:ﬁed

these tubes were further sealad with plast:'.c capping and PVC adhesive

tape. Allcfthesampleswe:esboredmaheatedendoa:retoprevent
&eezmgandweceu:anspormdtothelabombmymﬂlashtﬂed:sunbance
asgmhle. '

Observation' well Installatlons o

Four groundwaber momtm:mg sites were cons!:rucbed at the Woodslee andl
West Wmdsor test sites to dete.rmme the hydrogeologlc conditions. In

" order to debarm.me the groundwater flow directonr and horizontal

gradx.e.nt, three monitoring sites were estabhshedmatnangularanavand k
as great a distance.from each cther as the Z!.muts of the Woodslee and
West Windsor studv site areas would permit. 'Of these three mohitcﬁng' '
sites two . sites were equipped with twolevel observation well

 instrumentation and at the third sme a gix-level observation well

mstallauon was constructaed. o

R ' -
A schematic diagram of a twolevel observation well mMmentatwn
mstallat:on:sgresen&dm Figure 4.1. Tl’usmsta]lauon consisks of a 6.1
metredeepwate.rtab]ewe]lwmma46metrelongslo¢edsecbonanda

'18.6 metre standpipe plezometer with a 1.5 metre dotted section. The

wdls and ;n@:ometezs are constructed ‘of 38 mm (1-1/2 inch) inside
diameter . A.B.S. plastic piping which was slotted with a saw at 250 mm
intervals and wrapped in a Shreglass filter cloth. ‘

VAN
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‘A schemat:.c dlagram of a sixlevel cbservatmn ‘well instrumentation
ch:sberlspmsentedmhgmetz.z. Thzsmstallat:on consists of six
StAnd;n.pe p&omet:e.rsmsbaﬂed at depths of 3.0, 46, 6.1, 7.6, 9.1 and
10.6 metres. These E.ezometers are comprised of 1.5 metre long
continuous slot wmndstamleﬁsteelJohnson we]lscreensandBS mm
__,(l-1/2 -inch) LD. staml&-s sbeei.;npung

Piezometers with Jscﬂataed screen ssctions were installed at the fourth and
remaining monitoring site locations at Woodslee and West Windsor in
order to facilitate in situ peoint dilution and tracer testing of the sail
surounding the wells, These pi.ezomet:eis were constructed of A.B.S.
plastn.cpxgmgwﬂaSlmm (2mdnmsded1.ameber The base of each of
the pipes was fitted with GQ_O—mm long Johnson P.V.C. plastic contmuous
slotted well screen.

Bach’of the cheervation wells was installed in a drilled borehdle 165 or
190 mi in diameter through the interior of the hollow-stem augers. The
augers were then withdrawn and a filter of fine 'masonry sand' was _
glaced around the dotted pipe sections and screens. Above the filtered
and s:reenedgpelengthsasealofbenbombe day 300t0600 mm long
wasplacedmtheholestoso]atethes:reenedwe]llengthandprevent
: preferential sirface infiltration of t:heborehole. The remaining length of

o borehole above ‘the bentonite seal was backfilled with the auger. cutkings

-_tothe ‘ground &urface. Where ABS.pu;nngwasused,aczstmncasmg

with-a screw cap was placed over the exposed portion of the pipe and
concreted into place to prevent tampering.

E‘leld corxdx.ttorzswere such that precise construction of the cbservaton

wells in accordance with the intended design was not always pessible.

'leﬁculnesm gﬂmnbmgcfthehal&sleadtomaccurabemeas;remems,and
caving of the augeredsmlandﬂowmgground wabter can make plac:ngof

‘--_theﬁlterand&aa]schf&mﬂt. Detaﬂsofmeacmalﬁeldu&anatmnscf

eachofmeobservauonwellsare;mntedm Appendix A.
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4Ly Water Tevel Measuremems e

_ , Aﬁercomplehonofthe observahon well mstal]at:ons,aanveyor's level
L . wasusaatomeas:re'duegmunds;rfaceandthebopelevatmnofeachof
Lo e &mwe]lcasngsrelauvetomegeodehcdamm Tt was then possitle to
measurethed:stancefmmthetopcfﬂxemsta]ledwe]lcasmgtothe
surfaoecfthewatermmewellmghanelectnctapeboanaccuracyofA
appromnately 10 mm andto calcxﬂat:e the geodetic elevation of the water

-'in each of the observa’aonwells. Waterlevelreadmgsweretakenat 7

' appm:-umately two~week mberva]s thmughox:t the smdy until a static level
was acl’neved. :

RN Electncal Coaductivitir Measzremerrts

Measurement of the in sitn electzu:al corﬁucmnty cf the water in the

* cbservation wells ' was’ carried out using a partable batteryhoperated‘

salution coxﬁuctlvrty meter. This meter, pEOX Sytems Limited Model 52,

measures electrical conductmty in microseimens ttuough an epoxy resin

.and carbon e‘i.ectmde. The instrument used has a range of ¢ to 100,000
~ microseimens in five scales and fully . automatic bemperamre compensation

* standardized to 25 C. The conductlvlty meter specxﬁcatnons are included

: '-' as Appendix B.

’I‘en different probes were used dun.ng the course of this mv&;tr.gatl.on.
C. _ Theae probes were: calitrated usmg a standard 0.0100M solution of
I pitasiom  chloride which has a specific .conductance of 1413

-", :'-'-~ m;cmee.u.mers.
| - Care was taken in the ﬁe‘lﬁ that .conductivity readings were always taken
" .after'meas:urement of groundwater levels so that the volume of the grobe
- or water ‘removed from the well by the probe would mtnﬂuence the
© water level readmgs obtained. In acoordanoe with the pHOX Systems Ltd.
T mstruct:ons #hich acc:ompam.ed the. conducb.nty meter, the m'obe was



always allowed to sit in theobservat:.on wéllﬁoratleasta minute px:mr
toobtmmngreadmgssoﬂntmetemperamresensmvepmbecmﬂdattam

: thermal eqnhbnnm with the waher in the well. .

4.1.5

.Single Well Response Testing

‘A schematic diagram indicating the two variations of single well response

tests which were performed for this study is presented in Figqure 4.3. .

For the wark at the Woodslee and West Windsor test sites a 'shug',
consisting of a 25 mm diameter aluminum rod, one metre long attached to
a cord, was lowered into the wells to instantaneously raise the water

- level. Thistypeof&sﬁngisthérefoned&ecdbedasasmgtﬁtTheﬁme

andwatger]évelwerexecozdedafberﬁueintmductionofduesmgtothe
well to determine the rate at which the water level in the well returned
to the level measured pdor to introduction of the 'slug’. The time for the
water to again reach equilibrium with the head of the ground water
surrounding the well is related to the hydrauhc conductivity of the sail as
dlmused in Section 3.2.6.

Once a steady state water level was again recorded in t'he wells the
‘shug? was removed catmng an instantaneous lowering of the ‘water 1evel
in the well The times and waterlevelread:.ngs necessary to estahlish the
rate of the rise of the water level in the well to the pa:em:sly recorded
static level were then recorded. At a few cf the well locations, the rate
of fAow of water into the dbservation wells was sz.:fEJ.c:Lently great as to

_ prevent ‘sufficiently accurate readings to establish the rate of the water

level rise in the wells. In these cassaportablesamplmggxmp was used
to lower thé water in the wells to a gréater depth allowing a larger time
pericd for Hime and water level measurements. Regardless of the method
employed, this type of testing where the water level in the cbservation
well-is lowered is described as a bail test. | |
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From. the t:.meand:servat:on well:sdnﬂeduntnl:.tﬁrstesbabhshes_
eqmllbnum with the piezometric head ia the sail surrounding the well

'screemthere:sabmelagsmulartothatwhwhzsmtmducedaruﬁmally

in the gocedurecfasngle we.‘llr&sponse test. Ifasufﬁaemﬂ.y detailed-
hydrograph of the well is recorded aunng the time lag pericd then the
mﬂ.tscf&nshydrogzaphcanbemterpretedhkethemﬂmwtamed
from a bail test. The: waberlevelrea::hngs at the test site were mtt’aken‘
continuously and the intervals between measurements were z:elatwely
Jarge, therefore it was only possible to analyze the hydrographs of the
wells with relatively long time lags in this way.

'Paint Dilution and 'I‘racer Testing

a substance can bemjectedmto agroundwater flow system atonepomt
and its arrival at another point de:becmd. The average linear velocity of
the groundwater flow svsbemxsass&ﬁeddlrecﬂyandatracertesthas.

* been perfomed. IE the concentzatzon of the substance intreduced at the

mjecuonpomtzs measzredsoastodebermmethedmmonoﬁthemjected -
aibstance at this paint then the velocity of the groundwater can be
related to the rate of dilution of the“tracer substance. This measunng of
rate of dilution.in a single location as an indirect measure ofgroundwater
velocity is a paint dilution test,

A point dilution apparatus, common in.European use, is isclated in a
segment of the well screen by oaékers. ' K tracer substance is introduced

tothe;golateds:reensegmentandanmdngumtemployedtomre..

homogeneity as the groundwater flow passes through the well screen
diluting the tracer substance.

The point dilution apparatus developed for tests at the Wooddlse and
West Windsor sites eliminates the requj.:ement; and é\ii:sequehﬂy the cost
of a dowrr—hole nuxmg device. Standpipe gmometers installed for use in
pcmt dlutdons tests” were ~equipped with r?latlvelv shcrt (600 mm)
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 screened sections isclated from the remainder of the ‘standpipe by a'seal
formed on the inside of the standpipe. The tracer concentration in the
screen wlume was measured by an electrical conductivity probe inserted
. to form an integral part of the seal. Tt was reasoned that a relatively
shortlength-cfscreencaﬂdbeinserbedinté the groundwater flow system
and the screen would effectively operate as a point source of tracer.
 Flow through the screen would be effectively uniform and linear such
' that segregation of the tracer salution in the smallvoluﬁébf water
contained in the sreen would be minimal. ¥ the groundwater: flow
"velocxty were relatively swift as could ocmxrmhcoarse—gxameddepo&t
then it would be expected that considerable dilition of the tracer would
take place before the detection apparatus could be installed and the well
- sealed. Therewoaﬂda]sobedlf&.cu]tymdetermmmgthestart:ng{pomtcf

" the test associated with the equalmat.onofpo:ewater_mzremthe

soilandisolabeds::reen valume. ThesdJsatthesubjeétstudysitﬁ were,
however, expected to have re]atwely low flow velocities and these '
cormderat:ors the-:efore did not apply. )

A direct two-well tracer test was carried out orly at the Wooddlee test
.site because of the limited resources availahle for this wark and the -
substantial cost associated thh the installation of an injection well and
ananayofreceptorweﬂsmdetect&epassage ofthet:acersubstance.
In anticipation of a relatively low groundwater velocxty the wells were
placed in a tight array around the imjection well in a down gradient
direction as indicated by preliminary analysis of the water level readings
in the wells at the cther Wooddlee monitaring sites. - TI}e\injecti.on well of
the tracer test arrangement was installed in an identical manner to the
paint dilution test wells and consituted an additional point dilution test
location. Thezeceptorwel]sdfd\etcacerbastwerecftheiséla@
. screen type with integrated sheathed conductivity probe. By isalating the
screened poréion of the receptor wells it was possible to limit the valume
of water monitored for the iracer arrval and subsequently eliminate the
effects of diliton and segregation within the receptor wells, :
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Thetzacers:bstanceselectedforuseatthembjectsuﬁys.mw&;'
sodinm chlodde (NaCl which is easily cbtainable. A sodium chleride
so]nt:onsa]sorelaﬂvdyea&ytodetect:fanelectncalconducﬂuty

-meter:sz.sedtomdlcabevanatmnmthetntal&ssalvedsohdsma

solution.

The seal constructed in the paint dilution standpipes consisted of a ring
of Flexane, a rubber-like material, formed on the inside surface of the
standpipe wall. Through the pcrtm this ring it was possible to introduce
the sodium chlonide tracerandthendose’duenngbythemsta]lamnof
an electrical conductivity probe cased in a pipe that mated with the mrt
in the sealing ring. A schematic ‘dagram of a-typical cbservation well
w:.th interior seal and the companion sheathed conductivity probe
ms'ca!llat:on:s preaenmdm Figure 4.4. A detailed description of the.
.pmcedure for the construction of the interior well seals and sheathed
conductivity probes is included in Appendix C.

The paint dibrhion and tracer injection wells were charged with a
saturated sodium chlorde solution on June 30, 1983 at the Wooddlee test
site. The paint dilution equipped well at the West Windsor test site was
charged with tracer on August 10, 1983. Initially electrical conductivity
readings were taken in the wells at daily intervals, however once the rate
of dilution of the tracer had been estabh:shed the electrical conductivity
reading intervals were exterxied o weekly and then bl—monthly periods.
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( ELECTRICAL CONDUCTIVITY PROBE '
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4.2  Laboratory Testing
As mentioned in Séétion 4.1.1, Scil Sampling, split spoon samples sealed in
_ axrtlghtcontame:sandsealedtmn walledtubesamples weretransporbed
' totl'lelabo.rabory f:om the two test sites, Thelabozatorywet:ng program
'mdnded sail mdentzﬁcat:on tests, enmmnmental Jsobope analysis, and
. hvdrauhc corxiucthty ‘testing.

421 Scﬁl'mer'zt:;fic'ation'
Sail samp‘l&s were tested for natural molsmre ‘content as- they were
received ' in the- Iaborabory " The dmmon of ‘the soil samples ‘as
recorded on theboreholelogscomple’cedmmeﬁeldwere then verified
bvam;alandtactﬂeexammatonofeachofthesamples.

. Regreaentauve samples were slbwuently sclectad and pcepared for the

' ~gram—s:.ze a.nalyses and Atterberg ll.l'nlt tests. Natural mcisture conbtent ‘
-and Atberberghm:.tdetermmat:ors, as wellas sleve and hvdmmete.r tests, .
ﬂwere carriéd ot using the methods detailed by Lambe (1951). These

. " results tngether with the . visual and tacdle identification of the sail’

" samgles were used to cl.':ss.fv each of the samples in accordance with the
Unified Soil Class:ﬁcai:on System of Casagrande (1948). A summary of
th:sdmﬁcauonsvstem Jspraenbedm E‘:gure45

4.2.2 Env‘imhmentalisotdpe Analysis

4.2.2.1 Pare Water E:xuacuon |

:ortjusgudyxtwasdeadedtoamamptmdevebpsotooegmﬁlesat
the Woodslee and West Windsor sites for tmtum and 8. Rather than
sampling from the coservation weélls wrﬁch'.wov.ﬂd affect ‘the period of

time before the wells could be used for in situ testng of hydraulic
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conducuv.xty, samp]es&dueporewater were ettracbedd:mctlyfrom a
selecuoncft’nesmlsamplesd)tamed. Tl'nsduectextract:.onofpcte”

wateranowedﬁora;reasevemcallocatmnof&le amples:urcethat" l
cmld not be accomphshed with well samples.

ma'defboect:actﬂ:eporewater&omthesc&ls'ampl&;itwasnemry' .
tocomstructahydrauhcsqueemgdev:ceﬁmtwqﬂd@mdethehqmd'
from the sail Ademecfﬁuetypedmb&iby?atbersonetal.(lQ?S)
’wasconstrucbedofstauﬂ&ssteel(ﬁ‘m 4.6). Th;ssque&mgoell-
'togetherwnhahvdxauhcpckwereﬁrtedtoareactmnfmme(hgure
4.7) through wmd'lmereqm.:edforcéwasapphedtoactmdemepore
water from the samples. Patterson et al note that Manheun (1966)
recarded varations of the concentrations of dissalved components in the
pdrewaber at high squeemngm:res. Patte.rsonetal.snbsequentlv
- hm@dthemreapphedmthes;ueezertol&than@%k?a(so‘
kg/cmz). The pressure applied in the squeezer apparatus extruding t_he..
Woodslee and West Wipdscx'ampz&swasnmitgdm.sooo kPa. -

Samples for pore water extracton were taken from 73 mm diameter
she.lbvt:.:besample:sandwramedmtwo ]averscfﬁlherpaperbe.fore
being placed in the smeezing apparatus. Wabter syeezed from the soil
samples was placed in cdean sample bottles displacing the air pdor to -
sealing with a cap and malten wax. |

4.2.2.2 Sample Analysis

The sealed pare waber samples were sent to the:sotopelaboratmv of the
Deoartment of Earth Science, E‘amﬂ.tv of Sc:.ence, University of Waterloo,
Waterloo, Ontario for analysis. Oxygen-18 was measured using & standard
mass spectrometric method and the direct counting method was used to
determine tritium concentration. .
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4.2.3 Hydraulic Conductivity Testing

Three different laboratory testing procedures to determine the hydrauhc
conductunty of =il samgles cbtained from the Woodslee test site were
carred out. The testmg inclided falling head pressure permeameter tests,
one dimensional consalidation tests and triaxial consalidation tests. '
Samgles from the West Windsax test site were- tiﬁted using the falhng'.
head m:re permeameter and one dimensional consohdat:.on apparatus. :

'A]l cf the tests were pérfonned on undisturbed samples which were
careﬁﬂlytnmmeatoﬁ.ttheapparamsused. All of the samples were also”
tested for maisture content and unit weight at the time of sample
preparation.

4.2.3.1 Pressure Perrpeamet';er TesHng

In a conventional variable head _permeameter as described by Lambe
. (1951) the- hyd:auhc gradlent to induce liquid movement through the test
samplezsgenerabedbyacohmnothmdabovemesample. A pressure
Qermeameber effectvely duplicates the function of this cclumn of licuid
by introducing liquid to the sample from a pressurized reservoir. In this
‘way a substantially higher gradient can be achieved than is practically
possitle in the standpipe of a conventional variable head permeameter.
Testing on fine grained samples can therefore be considerably .
- accelerated. ' |

‘The ressure permeameter used to test samples from the Woodslee and

West Windsor test sites is similar o the Sailtest Inc._ Model R-670 but the

unit used was constructed by the author. A schematnc dlagmm of this unit
| zsr:resentedmi‘lgure:.-lm Appemi:xE. . ./‘

Sampl&s for testing in the unit were trimmezi to fit the diameter of the
sample container which consisted of a piece of 32 mm LD. copper piping.
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The sample was allowed to protrude from either end of the sample
container ‘and a sharp needle was used to open an annulus approximately 5
mmn deep and 1 mm wide between the sample and the container at both
ends. To ensure a seal between sample and container the samples were
then&,ppedm malten wax to ﬁJlthemscn.bedannulusandthe samples
werecart:&ﬂym.mmedtoﬁmshedlengm Both-ends of the scil samples
were‘_goyeredbyﬁlmrpape:sandatﬁlehqmdsmrceerﬁoftheamp]e
a piece of filter fabric with a permeability of 10 2cm/sec was also placed
on the end of the sample. The prepared sample was clamped between the’
ba_seanadamgﬁng ﬂatma:ﬁsealinggasketsofasbcstoa-mbber.. :
Atthes:artofeach test the permeant;zes.mretankwasfﬂledand
"'pr&smn.zed to apgroximately 400 kPa. The stand;npe at the top .of the
- sample was ooened and the cshutoff valve at the . ba.se of, the sample
releasﬁ to allow permeant to saturate the sample fiom the botj;om to the
top. After&epenneanthadnsenmthestandp:.peabove'dnesamplea
starting pmntﬁorthet&stwasmarkedonmestandplpeandtherateof
rise of wataermﬁaestand;n.pe was:eco:ded. Knowing the pressure of the -
permeant entering the sample, the statdc level of the reservoir, the
pressure of permeant on the exiting side of the sample, and the valume of
the standpipe it is then possible to compute the hydraulic conductivity of
the sample in accordance with equation (11). The height of liquid in the
standpipe was measured .to the nearest millimeter and ‘the rate of liquid
-rise was evaluated up to eight times per test sample to reduce:
measarement errar. . ' -
The .permeameter was used to test 20 separate samples from the Woodslee
tst site and 23 separabe amples from the West Windsor test site. As
manvas?dmeteampleswa*eobtmnedfmmasmglemelbytubeaf
material. Samples were ma in.both horizontal and vertical crentations.
The permeant generally used for the testing was groundwater obtained
from the wells at the test sites. Seve:al samgles were tested with



per:meants whu:h va.nsd in NaCl concent::atleno tom—ﬂue eEfect: on the

smlcfﬂueuacerwl'uchwasmedformeﬁeldtesbng Tl
B 4.‘2.3.2,0ne-Dimefsional Co;:soljdation"'rag:‘ng oL o

- - h -
- s "

) Convenuonally odeometers have em;ﬂ.oyedlever and waghf: mec:hamsmsto -

. loadsamplscfsml. Recently odeomebershavebeenconstmctedwhmh
app‘lyloadbymeansofana:.rpuston contmnedbyaregxﬂatmgvalve. i
Jstmsgaenmat:.ctypecfodeometerﬁ]at wasmedtot:estthesamples
cbtained for this study. A schematic alagramofatypmcalpneumat:c
odeomeber:s;:mentedmhgmeﬁﬂcf?&ppendlx'ﬂ. . -

For sanples from the Woodslee test site and two sampl&s from the West
Windsor test site were tested in the ‘odeometer for- companson czf
hydraulic cpnduct:l.nty assessment with _the ‘results of the presame
oermeameber testing. For this reason some of ‘the sampl&s t:ated were
taken from’the same samgle tubes as samp'.les t&;bed in the permeameter
Samples for odeometer testing were oriented honzontally and vertlcally
.as were the permeameter test samples,

4.2.3.3 Thxee—Dimersional Corsolidation

-

A schematn.c dlagram ofatygcalmamalcorsohdamn cell:sprese.nted
in Figure E-3 of Appendix E. Teﬁtmgofmesamp]&sfortmssmdy was
carried out in the Taronto laboratories of Dominion So:.LInv&et:ganon Inc.
in a commercnal version of this cell, manufacmred by -the Wykeham
-Farence Compa.ny. . ‘

The ooet and time associated with the use of a triaxial test Gell for the.
assessment of hydrauhc conductivity allowed for oﬁiy limited testing. Two; ’

. samples were selected from the Woodslee test site. :

-
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OBSERVATIONS AND RESULTS

The obeervat:ons made during the ﬁeldv&crk and the subsequent pen.od of

-momtnnngatmetwotestatsaredetaﬂedmthesectxonswhlchfonow.

-~

-

5.1

s

o

_WoodsleeTatSite .

Details of the sail and groundwater comi:.txons at both sites were assessed

" -and the results .of testing to measure hydraulic conductivity and

groundwater velocity are preaenbed. The - subsurface condmons
determmed,andthetestmﬂisobtamedatﬁuetwosmdys.besare
substantially different and the two sites will ﬁiereforebe&sczmed

sepa::ately.

-

- Moritozipg_site Locations

' Honit:x:ingsiteiwaslocatedatmeextre'memrm west corner of the

Woodslee'mtate onasi;ghtnseof]andthatconsumtat'heareaof
highest elevatzon on the test sm?.. In arder to achieve maximum Separation
of the monmonng sites the se_cond of these installations, Monitoring Site
2, was placed on the eastem site boundary near one of the internal roads
‘of the Soil Reseprch Centre. Since the land at the Woodsiee test site
generally slopes from west to east, Monitoring Site 2 is at a location
representative of the lowat ground surface elevation on the test dte. It

. hadbeenmtexﬁedthatﬁne&udmom‘bonng smebeplacedm the extreme

southwestcornerofmebests.tebutanOntanoHydroelectn.cal
transmsﬂ.on]merunsacroesthesmthboundaryoftheSmlResearch
 Centre property and it would have been dangerous to drill beneath the
l'ugh valtage power lines. Monitoring Site 3 was therefore located on the
west test site bounda.ry approximately 100 metres north of the south
boundary. Momtnnng Site 4 whn::h was designed for borehale dilution and
trace: testing, waslocatedmthe only unusedopenwaceonthebeﬁts:.te

-
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wiﬂilsﬁﬁcierrt.area to contain all of the instrumentation that was to be

The locations of each of the monitoring sites are plotted on a glan of the
Woodslee test site. This Tnstrumentation Location Plan' is presented in
Figure 5.1. Each of the monitoring sites was installed on relatively flat,
grass covered ground. At melod;tion of Monitoring Site 3, there are
some large oak and maple trees located immediately north and west of
the coservation well locations. The nearest of the trees is approximately
3 metres narth of cbservation well 3-1.

Sail Conditions B

A detailled description of the sails at each of the monitoring site
locations s presented on the Borehdle Logs, Figures 5.2 to 5.5, and the

' EQ]‘JS@S a summary of the subsurface conditions encountered.

The borehales penetrated a major deposit of silty dlay containing
embedded sand and gravel. Tt was noted that the larger sand and gravel
particles are generally warn and have a round to subround shape.
Grain-size analysis of selected samples of the silty clay indicate the
material' is well graded. The results of these analym are presented as
grain-size distribution curves in Appendix 'D'. The silty clay has a glacial
origin and constitutes a portion of the Wisconsinan Il deposits described
by Vagners (1972) . The grain-size distribution test results are summarized.
in the form of a sail dlassification chart presented in Figure 5.6.
Atterberg Limit determinations were carried out on a number of samples
from each of the borehales and the results of these tests are presented
on the borehale logs at the carresponding depths. These results are
summarized in the form of a plasticity chart presented in Figure 5.7.
Based on these test results the silty clay till has a low to intermediate
plastcity. )
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LOG OF BOREHOLE - WOODSLEE SITE |

Verticol Scole: 1975 - |-

SUBSURFACE PROFILE ISAMPLES LABORATORY TESTING
- - — — = —
Blev. [Depth "DESCRIPTION N sl e lsElioat2al551 .2
i AHEE IR E
) - 3 TS| ST & =
18706 QO-Sreund Surfoce ‘ :
196:70| 0.30| Bock organic clayey TOPSOL___IS#1 | | g5 | 2641
) fissured ad 2 ss [ 234 .
18610 0.9Q) e e - Srachired .
very st — ‘f 3 | ss {197 306|182 | 124|
4 |ssie3
18555] 1.8l 22 Rt
SN “Rard s | ss B2 238 145] 93
6 | ss | 181 ‘
] SILTY CLAY 7T ]SS T8 | 2| 59
' 8 |ss|iz7 ‘
I .9 19.1
18305 3.95. = SS i 19
BT
18245 4.55 . S
Q
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ss |-35
" . ss | 28
ss | 228 y
. SS || 230 ) 1
SS |l 219
t76.50] 10 -
END of BOREHQLE

FIGURE - 5.2
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|LOG OF BOREHOLE - WOODSLEE SITE 2

Verticol Scole: [ to T8

ISAMPLES

o SUBSURFACE PROFILE LABORATORY TESTING -
Blev. [Depth DESCRIPTION v | 2 lsEi2=t2=158] =5
o |m el E|S155|3E|BE|E28|5s

.lasm-o.oé Grumd Surface I E 1ol =s—-|a E =
‘8s.80| O. “““““‘WEWL 1 |ss [ 263
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WS89 080 - grey” ss | 202|374 [ 205 | 169
1 .|SS. | 226
stift s
.IBQ.TTQ Lsol ' ---- very et ss | 180|336 192] 144
184.20) 2.9c e ss | 192
ss [ 183 | 329 | 204 125
SILTY CLAY s | 85
18283 33555 ss | 184 | 22| 167 125
18258 368 = ~e--e=mr  m-mocew )
m.‘tff S 1877
T™w | 184
with embedded sond &8s || 189
9 and gravel
(TILL), 12 | TW |t 190
. ) ss | 19.2|280]168] s |
180.25 5.95 _————
stiff Tw || 170
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; ’ ™w | 2.3 .
gg || 214
4 W || 2.8
ss | 2T .
. T™W | 219
sS 21.8
™ [ 224
o s$ | 221 | 2rsl 180} 99 [
17570 10
END of BOREHOLE

FIGURE - 5.3
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| LOG OF BOREHOLE WOODSLEE SITES

verticgl Scale: 110 7S

' SUBSJRFACE PROFILE lS!J,l\udPl_ES LABORATORY TESTING
- 2 -—
Elev. [Depth DESCRIPTION wisSiz=|2zi 35S -_-5-
B _ | SYSE|13E|2E[ 82|53
3 N A NSl oz
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. fical d [sSs | 2.4
Brown very s f"', o
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ss | 223 320|186 134
w7
's$ || 226
T™W | 228
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(7630 1850
END of BORENCLE

FIGURE -
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LOG OF BOREHOLE - WOODSLEE SITE 4

verticgl Scqle: | to TS

SUBSURFACE PROFILE ISAMPLES| LABORATORY TESTING
)
Ty LE oo le| x| 2
Elev. |Deoth DESCRIPTION | 5 HEHEREERIES
L g% Z=|g= é— =4
o3 Z t
0. W3 | | ss || 242 '
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FIGURE - 5.5
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The barehcles indicate a near surface profile consistent with the typical
Brookston Clay soil profile described in detail in Section 2.3.2.1. The
ground surface is covered by 150 to 300 mm of hlack dlayey arganic
topscil that has'a meisture content of 24 to 26 per cent. |

This topsail layer is generally underlain by weathered silty clay Il that
has a colour ranging £rom mottled grey with brown partings to mottled
brown—grey. The weathered zone of the silty clay il extends to a depth
of 1.50 to 1.85 metres beneath the gmund surface at the borehale
locations. The HIl is severely fissured and fractured in the weathered
zone and naturai maisture content determinations indicated values
between 19 and 23 per cent. A visual and tactile examination of the sail
smples -cbtained, indicates the weathered silty clay il has a. 'stiff® to
'very stxff‘ consistency.

At the locaton of Monitodng Site 2, the more mrme:ly-of the two
obeervabon wells (well 2-1) was not sampled. Whereas a dlty clay tﬂl
~ profile consistent with the ‘other monitoring sites was encountered in the
sampled scuthern well (well 2-2), sandy cuttings were recorded for the
upper 450 mm at the location of well 2-1 and this well bored 'wet'. The
location of this sand material is consistent with, a small surficial deposit
of sand gotted on the detailed soil map of the Woodslee Sail Research
_Centxe, (Experimental Farms Service, 1946).
‘The weathered zone of the silty clay 4l is underlain by brown desiccated
material that contains vertical to ‘slb-vertical frachures, These fractures
often contain black and reddish brown scale. On the basis of the borehole
results the spacing of these fractures may be as little as 50 mm, though
not all of the samgles chtained contained examples of fractured material
The natural moishire content of the desiccated material ranged from 17 -
to 19 oercentandams:alandtac’ole epcammat:onofthesmlsamples
obtamed,md:.ca@sthedeﬁ.ccatedsﬂtvclaytﬂlh&a vervst:ff‘to

‘nard’ consistency. The orown desiccated siltv clay extended to a2 depth
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- cf335t:>3.95 met:mbelow g::ade,wmdnssome whatleﬁthanthe45_
" to 9.0 metrebaseofﬂiebmwn material recorded on water well logs from
. this site {Ontario Ministry of the Environment, 1977).

The brown desiccated 4l is underlain by grey plastic’silty clay H1L." This

plas'ticmahaﬁal‘texﬂstosmearassamp]edandtherearemappamt-

fracmrsmﬂlesampl&sofﬁxegreymabenalobtamedfmmthasate

exceptm the 600 mmcfgreytillduectﬂ.y beneath the daaccabed zone of
“the sity clay. The natural moisture content of the grey silty clay &Il

generally increases with depth. The range of natural mcisture content was
19 to 23 .per cent within the vertical limits of the investigation. The
strength of the ‘grey Il decreases with depth. The upper 14 to 2.3
metres of the grey till has a 'very SHEf' to 'hard' consistency but beneath
this level the glastic silty .clay has orly a 'Stff' consistency. The grey
silty clay extended beyond the vertical Yimits cf the borehdles drilled at

" this site. As noted in Section 2.3.2.1, the water well records from this

site indicate the grey silty clay extends to a depth of 34.5 to 36.0 metres
below thegroundsurfaceandthebaseofthegreysltvdayb]lxs
separatedﬁrom thelunesbonebedrockbvltoZmet:&ofcoarseandand
gravel.

Groundwater Conditions

5.1.3.1 Observation Well Hydrographs

The groundwéte:_' level readings taken at the Woodslee test site between
March and September, 1983, are tabulated in Appendix F. These readings
axe@cttedashvdmgmphsﬁoreachoftheobsewatmnweﬂsonhgur&s'

. 5 8 to 5.11.
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Thelmgs:reenwatertableweﬂsl—land}lcnnbesaenbohave .
quickly established equilibrium with the water table. The level of -the

" water tahle at Monitoring Sites 1 and 2 varied from as shallow a depth as
200 mm to as great a depth as.l.2 metres during the monitoring period.

‘The deeper piczometer installations which had screened lengths of only
1.5 metres, took almest the entire six months of the observat:onpen.odto
stabilize with respect to the in situ plezometm: memthes]ty clay
s:rroundmg the cbservation well screens.

At Monitoring Site 3 ‘each of the cbservation wells was installed as a
piezometer and all of the wells had identical 1.5 metre long well screens.
During the two months following the installation of the we]ls, observation
well 3-1 behaved predictably indicating a pxaomemc level approaching
the level of the ground surface. This level was consistent with the water
that ponded on the ground surface during this period. Observation well
3-1 began o exhibit anomalous responses near the beginning of May, a
condition that continued throughout the monitoring pericd. Tt is believed
that the erratic vaiations in the water level measured in this well are
directly related to the proxdmity of a.large oak tree to the well location. .
I the well reqaonds tv moisture demand from the tree roots then the
level in the well could be expected to vary depending on the time of day,
temperature and the moisture available to the tree from precipitation.
An examination of the hydrographs from the other five wells at
Monitoring Site 3 show some complementary reaction to the majr
fluctuations in level measared in well 3-1. These complementary reactions
are most likely indicative of an actual decline in the piezometric head
since the severest of these trends can also be detected in the water takle
hydrographs from Monitoring Sites 1 and 2. @ is possible that the
moisture demand of the trees near Monitoring Site 3 accentuates the
decline in the water table during periods of dry weather.
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I is noted that wells 3-3 and 3~4 reached piezometric equilibrium with.

the sail surrounding the well screens in a pedod of less than four weeks
whereas cbservation wells 3-2, 3-5, and 3-6 did not achieve similar -
equilibrium in less than three months.
The hydrographs cbtained at Monitoﬁng Site 4 are only representative of
a three-month period because these wells were installed at a’later Hime
than at. the other monitoring sites and it was necessary to discontinue
monitoring eaf.uer to facilitate cther testing carried out at this site. The
available water level information from Mom.’oonng Site 4 does s;ggest

s:milantyofraponsetnt-he cther wellmsta]lat:ons. . |

5.1.3.2 Groundwater Flow

The cbservation well hydrographs ‘indicate the water table at the
Woodslee test site is generally less than one metre below grade. The
water table in the south west area of the sit® (Monitoring Site 3) actually
rses to the ground surface during the eary Spring. Only at Monitoring
Site 2- were water table levels more than one metre below grade
recarded. The greatest depth to water tahle level was recorded during
late August and Septen;be: when the water table as indicated by
observation well 2-1 was 1.2 metres below grade. The lower recorded
water tahle Jevel at the Monitoring Site 2 location is probably the result
of the preferential drainage of this area by the surficial layer of sand.

The Woodslee test site is generally drained by a series of shallow (450°to
600 mm deep) field tles,-that have been installed -a spacings of 7.5+
metres. Onlymthesu:thwestareacfthes:.tearetherenodramageules
and it is in this area that the Qatertablewasmeas:redclqsesttothe
ground sarface.

A comparison of the water table well levels and the equilibrium
plezometric levels, recarded in the piezometer type observation wells
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msta]]ed at Monitoring Sites 1, 2, and 3, Ccleady md:.czte the Woodslee

ﬁests.be:smamdmargeareaandgmu:ﬂwata: movement:sdownward. A

pbtcfthe pt.aomelg,; head variation with depth as measured at each of
the monitoring sites is presented’ in’ Figure 5.12. Theve.rt:calgzad:ent
hnesforMomtonnngteslandZa_rebasedontwqpcintsbemwethere
are only two cbservation wells at each of .these sites. At Monitoring Site

3,whereﬁ1ereweresxwensmstaned,ﬂ1ere:smﬁﬁmentscau:ercfme :
data paints to ‘make an cbvious interpretation of the grad:.enthne‘

impossible, Linear regression was used to determine the best fit line of
the vertical hydraulic gradient for the data from this site, As can be seen
from an escaminatiopof the resulting vertical gradient lines glotted in

Fiqure 5.12, the line derived from the regression analysis far Monitoring .

Site 3 is not inconsistent with the vertical gradient ines Jerived from
Monitoring Sites 1 and 2. Based on the results of these cbservations the
vertical gradient at the Woodslee test site varies from 0.01 to 0.06.

An examination of Figure 2.2, which indicates the relative position of the
Woodslee test site in the Belle River drainage basin, suggests that. the
lateral flow of groundwater beneath the test site should be essentially
east towards Belle River and somewhat north towards Lake St. Clair. An
analysis of the dbservation well data indicates this is not thé case. The
plot. of groundwater equipotential presented in Figure 5.13 is derived from
the water tahle data at the monitoring sites on September 30, 1983. The
crientation of the equipotential lines is essentially the same when the

_datafrom ﬁuedeeperpi&omete:sismedtogenerateaneqdpctential
pot. Tt is therefore the mém:at:on of the observauon well data that

groundwater at the Woodslee test site ﬂows to the east toward Belle
River but the flow is southeast away from Lake St. Clair. This flow
direction could be the result of influence by a minor tdbutary of Belle
River that is located scuth and east of the Woodg{eetestsita

-
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—
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‘The hozmzontal component of the hydxatﬂ:.c g:adlerrt at the Woods‘lee testl .

sme:scfthea:de.rchODZbaaaonﬁlaeobservatmns Ome.rvab.on o

well data therefore indicate’ that the. groundwater mov&- downwaiﬁ in
response to a hydrazﬂ:c gradient apg:o:-o.mately one arder ‘of magmmde' ',

greater than the oomponent of hydrauhc gxadlent that mduces J.aoeml.": .

flow. .
| 5.1.3.3 Elecirical Conductivity .-

. The g:oundwater at the Woodslée test site was found to have electncal
" conductivity in the range of 1000 to 3300 uS J.ndlcatwe of water that is
fresh to sb.gﬁtly brac}osh - '

"Eﬁectr:xcal conduct:mty rea.dmgs were taken in the ohservat:on we]Js of
the Wooddee  test siteé at regular intervals durmg the six month
-‘ mom.tnnng pen.od. It was found that the elect::tcal oonduct:w:.ty fluctuated
in the. individual observation wells even when these wells were
demonstratably at equilibrium with the g:oundwate_r sm::ounchng the well
screen. The magnitude of this ﬂucb.zatmn isa char.actenstl.c of each well
-mshallat:on. The elecmcal conductivity in all of the cbservation wells
showed a tendency to decline from Spring to Autumn. The average
electn.cal conductivity values from the measured data at each of the
observatlon wells was plotted -against the depth of the we.'!lscr:eens and
tl‘usgiotzsgresenmdmf‘lgmesm. Anacammat:onofﬂusplotmdlcztes
, ascatterrangeofmeorderofzooo uS, but a trend to reduced electrical '
conductrmty with in¢reasing depth is apparent:. _ -

5.1.3.4 Environmental Isctopes

The concentration of oxygen-18 and tritium in samples of -pare water
extracted from soil samples taken at the Woodded test site were
determined and the results of these analyses are glotted a} the
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carresponding sample depths in Figure 5.15. The of the analyses
for tritum concentration are accurate to. only +8 TU and the
concentrations measured are potted mdwatmg this confidence interval
foreach of the measured concentrations.- The con&dencemtervalfort'he
measured depletion of 18o in the samgles is +0.2 61%0 /oSO

An examination of the tdHum concerrl:ratxons deternuned in the siity dlay
beneath the Woodslee test site suggests that there is genera]lyadecrease
in the m.tmm concemration with increasing. depth at Momtonng Site 2.-
The tatmm concentrations s;ggest that the pore water taken from depths
of 7+ metres and 10+ metres entered the ground prior to 1953. That pore
water taken from between the 7 and 10 metre.levels was found to contain
greater tritium concentrations, suggests that there are some preferential
zones of flow in the dlty clay. Mixing of new and old w_atér is taking
place at some locations in the Hll deposit.

At Monitoring Site 3 the tritium concentrations in the pare water samples
taken from above a depth of 8+ metres indicate a trend toward
decreasmg tritdum concentrations with increasing depth, as is the case at
Momtonng Site 2. The pore water samples taken from depths.of 9+ and
10+ metres are however distinctly tritiated, consistent with substantial
mixing of ald yzdﬂnew pore water in the slty clay. These samples are
therefore -rSpresentative of younger pore water that has advanced to
depth at a rate greater than the nominal rate of the site.

The cxygen-18 degletion in the pare water samples obtained, varies from
aporoximately -9 to -13 §1°0 o/coSMOW between depths of 4 to 10
metres respectively. -
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5.1.4 Laboratory Hydraulic. Conductivity Evaluation
5.1.4.1 Permeameter Test Results

_The results of hydraulic condudivityteﬂscar:iedoutonamp]sgfsﬂty
cdlay Hll from the Woodslee test site are tabulated in Appendix H. These
results are plotted accarding to depth in Figure 5.16.

Intctal209&para§eampl&sofsﬂi:yc]ayweregﬂacedirbﬂ1e
permeameter. The flow through each sample was measured several times -
for each sample. The mean of the hydraLﬂJ.c conductivity wvalues
determined from each assessment of permeant flow through the sample
are glotted in Figure 5.16. .

All of the hydraulic conductivity 'R' values from the measured flow
values for each sample were assessed for vadation of the 'K' value with
" the time of flow through the sample. Tt was found that there was no
apparent variation in hydraulic conductivity with flow time in the test
periods of 1 to 2 hours. The 'K' assessments for all of the samples were
normally distributed about the mean hydraulic conductivity as determined
" from the range of measurements. The variation in flow measurements can
be attributed to the systematic ermror associated with the measurement
_ procedures and equipment. The standard deviaton of the hydraulic

conducddvity values was in the range of 1.3 x 10-10 to 1.5 x 10_9 cm/sec.

Only fowr samples were tested from the upper four metres of silty clay
tll at the Woodslee test site. Intact, undisturbed samples of the 'very
- SHEF to ‘hard' desiccated il were difficult to obtain and txim,
., particulady when the majority of the samgles cbtained contained some
’ fracturing. The permeameter tests of the four samples that were cbtained

and sacessfully trimmed, indicate 'K' values ranging from 1.65 x 10~ to

96.6 x 108 cm/sec. The two samples that were found to have 'K' velues
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'ofmore&:anlo cm/seclxrthcontamedws.blefracmresandtheo&ler
twoampl&scfthed&accamdmatenaldldmt. '

‘The- remammg s’xteen permeameter hest:ed'ampleﬁ from the. Woodslee test

B site weretakenﬂomthepiasucgreysltyclaytﬂlfoundbeneaﬂl a depth

of4+met::es. Noneof&l&eeamplacontamaimsbleﬁmesor‘
. fractures.

" One of the shelby tube saiples of the silty dlay till from Monitoring Site

"_-4, taken Erom adepm ‘of 5.5 metres, was divided into four separate

. samplsstobetwtedmmepermeamebe: Two of these samples weQ
'twt:edmaverucalonentauonandmeothertwowerebstedma s
horizontal criéntation. One of the vertically cnented samples and one of

‘the horzontally oriented samples was tested using a %mal@a/
permeant.asopposedtoﬂae natural groundwater permeant that was used -~
for the cther samples tested. Themﬂtscftﬂmaefourtstsmdlcated
hydraulic conductivity values in the range of 0.7 x 10 o 115 x 10°
cm/sec and the hlghest and lowest 'R' walues measured were ‘both
obtained on samples ariented harizontally. There is “Pherefare, no apparent
vardation in the hydraulic conductivity of the slty clay till associated
with sample arientation ar with the use of a saline permeant as opposed
to a natyral groundwater permeant. The duration of these tests was of
the arder of 1 ar 2 hours. Longer exposure of the silty clay to the saline
permeantcaﬂdgeneratedifferentraaﬂts. ' '

AJlofthe permeametert&stscamedoutonsam@esofthegreyplasuc
silty c.lay md:.camd hydraulic conductivities in the range of 0.58 x 10 to :
1.68 x 10 cm/sec. The mean hydraulic conductivity was 1.0 x 10
cm/sec and the standard deviation was 3.2 X 10-9. cm/sec. An examination
of the test results gotted in Eigure 5.16 suggests that the range of
hydraullc conductivity vanatzon as indicated by the permeameter itest
rem]xs is independent of depth, below the 4 metre level



'5.1.4.2 One-Dimensional Consalidation Test Results

The results of one-dimensional consalidation tests carried out on four
samples of silty clay tll from Monitoring Site 4 ‘of the Woodslee test site .
are gotted on Figures 5.17 and 5.18. Two of the samples tested were
from a depth of 3 metres and the other two samples were from a depth of
6 metres. One sample from each depth was tested 'in a vertcal
onentat:.onandtheothersamplefmm eachoftheaedepths was tested in

‘a tnnzontal crientation.

As discussed in detail in Secton 3.2.4, the hydraulic conductivity of a -
sample as dérived from a consalidation' test is dependent on the state of
stre&sinthesampleandthe.mrﬁstorycfmesoﬂ. The plots of the
consalidation test resilts include the variation of the sail void ratio with
apphed wessure, the varation of the coeﬁﬁment of consalidation 'C !
with ap@.ted pressure, and the vanatxon of hydraulic conduct:mty w:.th
apph.ed presa:.re. .

Thesiltyday tll at the Woodslee test site is over consclidated. The silty
clay has experienced greater effective stresses at some time in its history
than the present overburden now exerts. The consolidation test resilts
indicate that this over consdlidation is greater at shallower depth. Over
consalidation can be generated by a desiccation mechanism as opposed to
simple applied loading. The desiccation of the upper layer of the silty
clay Il ‘at ‘the Woodslee test site suggests that this mechanism is the
cause-'ﬁor the greater over consalidation of the shallower levels of till at
this site. The shallower (3 metre depth) samples tested, therefore have a
lower initial void ratio than the samples from the 6 metre depth, even
though the present overburden pressures at 3 and 6 metxes are of the

arder of 40 and 75 kPa r&q)ect:.vely.

- . - ¥
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The apelication of these present overburden pressurés to the hydraulic,
conductivity versus pressure diagrams generated by the consalidation test
results, indicates that the hydraulic conductivities of the silty c]ay for
the3metreand6metredepthsa:eofd1eou:derof7and4x10
cm/sec respectively. The value of 'K' was also found to be independent of
sample orientation based on these test results. The one-dimensional
consalidation test derived hydraulic conductivity values are tabulated in -
Appendix H. -

5.1.4.3 Three-Dimensional Consalidation Test Results

Only two samples of silty clay from the Woodslee test a‘te‘w-e.re tested
for hydxauhc conductivity by the three-dimensional consohdatxon test
method. The samples tested were Hom depths of 5 and 6 metres at
Monitoring Site 4. The in sitm overburden pr@surve at these depths is of
the arder of 65 and 75 kPa respectively.

The tdaxial corﬁoljdation tests also indicatea the dlty clay dll from the
Woodslee test site is over consalidated. © The hydraulic conductivity
p:essurecurvadevelopedfrom theset&stsmdlcatedthesltyd.ay
samplesfmmdepthsoffuandsmetnshad 'R valles of the order of 8 x
loaand].l:-:lo-8 cm/secatmmeqmva]errtto the in situ pressure
at the levels from which these samples were taken. Thesé results are

tabulated in Appendix H.

‘ 5‘.1.5- Field Test Results

5.1.5.1 Single Well Response Test Results
The results of the single well response tests carried out at the Woodslee
test site are tabulated in Appendix H. Thetableliststhe;aﬂ:softhae

tests for the t:en cbservation wells installed at Mom‘wnng Sites 1, 2, and
3 as well. aity evaluations based on the ohservation well
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hyd:ograpm are a]so tabulated in- Appe.nd:x H under ‘the . heading"'
hydrogmph' :

‘The single well response test resdlts of sng, bail and hydrograph .
mterpretatxonformaxeplod:edmhgm'esw,wlﬂmﬁmedepthmngeof
the cbservation well screen for each well indicated.” Ingene'calwhenﬂ'ze '
hydraulic conductivity of the sail surrounding the cbservation well screens .
was evaluated by slug and bail tests o by bail and hydrograph
interpretation; the 'K' values cbtained for.any one cbservation well were
of the same crder of magnitude and the actial 'K' values were relatively

‘Variations in‘the test results from a single well can be attributed to
random error generated by variances in the accuracy of the water level
measurements and the interpretation of the curves that- result from these
measurements. The screen of the well and the associated sand pack are
not uniform structures, and though every effort was made to surge and
improve the well s:reén and sand pack configquration after the .
installation of the wells, it was still possible. that a noruniform g:adat:on
of soil existed around the well such that there. could be a preferential
direction of flow, either into car out of the well screen. '

w{n>3_5 and 3-6, which had screens at 4.6 t0.9.8 and 7.7 to 11.5 metres
- in depth respectively did not yield consistent values of 'K' for the varicus
types of single well response tests - The results of the ngtat at well
3-5 were suspect bec.ause the cap fell off of the well during the test
period and rain water Ie.ntered the well. There is however, an order of
magnitude difference between the bail and hydrograph assessments of
hydraulic conductivity from this well The results of slug and bail tests
carried out in cbservation well 3-6 are similar in magnitude but like well
3-5, there is an arder of magnitude difference between the 'K' value
" assessed when a sudden head differential was introduced as opposed to
the assessment based on the natural time lag associated with the well
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. “nstallation . procedure. These _ test results suggest that there was a
. "drEEerencem'd'le observa.t:lon weJlscreenconﬂgtratmn during themﬂ:al

mnelagpenodandtheaﬂ:sequentpenodwhen ﬁlesnglewellr&@onse_p'
. tests were performed. Th:sccnﬂ.dhavebeenthexeaﬂtafmadequatewell

deveanmentaftermstnaﬂaton,mwtuﬂucasethemﬂtsccE&lesmgand

ba:ltwswaﬂdbemo:erepraentauveofmemammdrmﬂm
- conductivity than the hydrauhc conductivity values derived from the well

Only the results of the slug and bail tests carried out in Well"2-
inclnded in Figure 5.19. Well 2-1, with a screen from 1.0 to ‘
below grade, mterceptedamrﬁ.cnaldepoatofand,asw revicusly

. dlscussed. &nceﬂuswe]lwasdagnedasawatermhle and had a

long screened section, the screen apparently contacted the
_beneath the seal level. SingleweJlrespomet&atsinthiswe]l'
':valuecE'K'mngJ.ngf::om133xlO to 1.39 xlO_zcm/secascouldbe _
expected for an cbservation well established in'Sand. The single well
| response test results cbtained from cbservation well 2-1 are subsequently
5 to 7 arders of magnitude different from the hydraulic conductivity
rva]uescbtamed for well screens astabh@edmthesltydayullm
‘plottedmhgureSlQ. '

An acammuonoftheplctofme single weJlr&sponsetestr&aﬂts
suggests three distinct ranges of hydraulic conductivity for the sty clay
Hll. The majority of th test indicated a 'K' value in the range of 1.5 x
10 t0 3 x 107 cm/eec. The well screens associated with thes results
: weremstalledbetweendepthofz4 and 11.5 metres. Three of the weJJs
‘tested indicatd a hydraulic conductivity in the range of 0.60 x 107 to
1.5 x 107 cm/sec.” The well screens that yielded these resulks were'
installed between depths of 5.2 and 11.5 metres. Twooftheobservat:on :
wells mdlcated hydraulic conductivity values in the range of 2.5 X 10

4.0 x 10 cm/sec. Significantly, these two coservation weﬂJs were the
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shaJJDwestcEt'he wel}smsta]led, w1ﬁ1mewpcf&1escreenfmm 1.2 t:o__
l.4metz:&sbelongade whe:efzacbxr&smaybegaent.

| _s.'i.slz-sorebo:l.é Dilutiqn Te;t.-aeams

The tas'ung was perfomed in two wel]s at Mom.mnng Slte 4 4T and .-
' 4-PD, andthemﬂrscfﬁleaebestsareptesentedasasemloganmmm
: plotgfelectncalconducumtyversasumemhgmeszo. .

Equatiorr (22) me.latm the. J:aba of d\.ange in comen’aauon of the t::acer in
the borehale, 'dc/dt' o the apparent average lmear ve'!oc:xty v ' of the ‘_
water pasmng through the well screen - and d:.lutmg the t:ace: The
'solut:.on of Equat:on 22) to deternune the apparent average “linear
Velocity, Equation (23), suggests that*there will be a linear log-normal )
_ relationship between the tracer concentration - (electrical condictivity) |
andelapsedtxme. Ane:ammauonofmemﬂisﬁmmbothofmepmnt_
dilution tests carried outatthe wOodsleetﬂ;tatemd:.cat&sthatmch a
hnearrelattorsmpe:asbedorllyaftefas:.gnﬁcantpenodofumehad
elapsed in the test. The decrease in the'log Gf electzical conductivity '

muallyooctnsatagreaterratemanoccmslabermthetesbsagg&sung-,

- that the apparent tracer velomtv is not c:onstant throughout the test

In accordance with Equatlon (25), the apparent velocity of the
groundwater as determmed by the paint dilution . method is affected by
the actual average linear veJoc:Lty of the groundwater ang the dlf.ﬁmon of

 the tzaoerm the gmundwate.r Diffusion occurs in accordance with Fick's

 first and second laws (Equations (20) and czm such’ that the diffusion
induced component of appar.ent average lmear tre.locx.ty ’v is compatible
with the flow induced component of apparent average hnear velocity.

' Diffusion of the tracer in the g:oundwabe.r would not therefore aﬁfect the - _
hneanty of the log of concent:atmn versus time plot. The mn:al curved

.
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portion of this glot ;m_:sttherforebeﬁ'\erailtofavaﬁ.aﬁdninlthe'
'ac'uaal'averagelineer_veloci.ty of the water leaving the well screen. '

| The test g:ocedure was acammed to determne ‘what facbor would cmse'
. .anmcreasedﬂow rateatthestartofthetest,tbemﬂuenceofwhzd‘x
. woudld ,declme wz.th Hme. T was immediately apparent that the insertion
_of the probe into the seal of the cbservation well would pressurize. the
well screen mcreasmg the pL&ometnc head in the <reen and mduc:mg a
hydrauvlic g::ad:.errt between the screen and the surrounding formatmn. This
gr.adlent hempo:anly ali:ers the average linear ve]oaty of the water
pasang_through the screen and distorts the log-concent;atzon versus tl.n_}e
" curve. The excess head in the well screen slowly declines to zero and at
sometime during the test no -longer inflpences  the basic dllmnon
relationshipof‘aquation (23). | S

An eJapsed the of 900 homas selected mtersechng the linear poruon
of the log conductivity versms time curves for- the tests,: and
coz:reeoondmg conductivity co-crdinates were determined as indicated in
Figure 5.20. Thehnearportxoncf&emwasprogectedtomnezem
"and the corresponding corxiuc!:wu.ty co-ordinate - was recorded the
effectve initial coheenu'auon (€- The am;eatmn of these values in
* " Equation (23) yields apparent average linear velocities of 1.2 x 108
l.‘L-'x 10—6 cm/sec for wells 4-I and 4-PD respectively.

-

and

. 5.1.5.3 Tracer Test Results -

A single two well type tracer test was carried out at Monitoring Site 4
oftheWoodsleeteetam andthe;mocedureusedforthxst&:b.ng;s
discussed in Section 4.L.6. Pnortoduegartofthebest.theelectncal
_ conducthty of the groundwater in the imectHon well (4-D and the six
receptor wells (4~-R1 to 4-R6 inclusive) were monitared for a two month
perdod. Ashasbeend:.scussedeectLonSlB.‘i the electrical
conductivity measured in an cbservation well fluctuates and the mean
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_'e'lectncalconduct:lmty measredmanobservat:onwe‘!l:spamculartoah
- well installation. . I was tha:‘eﬁorenecmrytodetermmethe mean -

electrical- conducuv:.ty for each of the cbse.rvatlon weIls used in the’ ,

tracer test and determine the nat:nal:angecfelecmmlcondmuuty-'
lﬂnctuatlon in the wells. When an apparent conce.nt:at:on peak. appeared
-mareoeptorwelln.twmldﬂzen _'poahletod]stmgmshanatmal'
variation of the conduct:.vxty readmgs m a)}aﬁation induced by the
- sodium chleride tracer. - ‘ '
. . ¢ ’ ' '
The tracer test results are pict:ted on 5.21 and 5.22. The
| ‘electrical conducttv;ty rneas:rement-s were recorded as . variations from -
the mean eleétrical, conductivity determined for'each of the individual
receptor wells as opposed to plotting the absabite elecmCalconducumty
vardation. The mean electr::.cal conductm.ty of each well ]S bounded on
each sxde by a border indicative of two sbanda.rd dewattons from the
mean. The standard deviation designated is the mean standard deviation
of ‘all of the standard deviations of the electrical conductivity
distributions in the receptor wells. The readings from the months of June
‘and.Julygk:iorbotheinjectionofthe trace::afeplottedtoaraimed
horizontal time scale relative to the readings from the months of August
and Sentember when the tracer was in the ground. _

E‘.xammauon of the tracer test plots indicates that only two of the
observation wells in the receptor array, 4-R3 and 4—»R6, responded to the
imjected tracer. Of these two wells, w_gﬂl 4-R6 is further fHom the
imjectdon well with a separating silty clay'bartier 745 mm wide. E was at
well 4-R6 that the tracer was first detected at an elapsed time of 26.75
" hours. Well 4-R3 is separated from the m;ectmn well by only 415 mm of
. silty clay and vet. it took 191 hours for the tracer to appear at this well

location. o ‘ ‘
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"Thet-.anﬁermteofﬂuetracerfromthengécuonwelltoﬁxémceptor *-"
.wellssuggeslstheaveragehnear veloatycf megoundwater was,.-'r'L .

c:m/sacto well- 48620 6.0 %107 cnt/sec m-pwell 4—113.“._,‘_ = f:*

‘,‘mea:.rect:on&-gmumiwa{-efﬂow asm&ated,byﬂ:e*traeerte_&r&mm 'f_ _
"‘_1s appzmcr.mabely tendegreesmrﬂ‘ch ea&. a@:omnately 45.mdegrees-
S north of - me ﬂow d:.rectxon mchcated by the gmﬁndwaten»eqmpcten:aal
o -.plot ;xeaented in: E‘ng:e 5.13., Th:s dxffe.tence m ﬂow-&zectmnls a.h
. "'--'mdwauoncfalomlﬂow conamonar&xattherelsaeajgge_ofmeuaé‘eﬁ” ' f_".-j‘-‘
7. lin duec?ﬁo:s inconsistent with the silty clay matrix mabem]."rhastypea& J
| r&mlt.oaﬂ:doccurz.fmere wa:e cracksmthealty dagbetweentheweﬂ -

; ';-‘5_2.1 Momt:onng S:L‘be Locatmns f.‘“" .. sv
Mommng Slte ‘10 was located m the rnrtheas!: corner cf.the Dorne "

Pe‘cmla;m mrtu.ted pmpe::ty portnon of the West Wmdsor-—t%bste. 'I‘be ERE

gx:ound snrface elevatmn m tl'us az:ea was, measuréd at: ié'f.ao. «metr&s. Tl
' Mombonng Site 30, is appro:mnately‘ 250fmetz'&s west and IOU met::es sauth P
of ‘the Monitoring Site 10 locatton. Thé ground: surfaoe elsvation- measzre&'r' "f; R
.at the location of Monmcrmg S:.te 30 was ‘181 }30 et The drea f_-‘ WL
' ocoupied by ame two’ momtonng stes ‘nas .the 'h:.ghest genera;L gmde T
‘elevation on the. W&st Wmdsor t&st sroe..; The land a:rface on. the Qome- "-'f-‘_—L'__‘jL
Petmleummm:.tedpo:tmnofthe westw:ndscrtatsmgogéspwa;a,'

" the wat and south. Mom.tonng Slte 20 ‘w.as a’Iso locate_d oh“the D'c-:me

Petzoleum Limited prope:ty near the southeast comer, pmvidmg :ﬂié"-s SOIRE T

' maxr_rnum seoarat:on of ‘the” observatzon well s:.tes. possr.b]e on- the _ —
pmperty ‘The. gmund szrﬁace m t{us area was meas.:red at- 1_79 g metres _ “
Ge., amrommately 2 me:tres lower than Mombor:mg s.tes 10 and 30) The

. fourth momto::mg sx.te,,Monmonng S:Lte 40, _was estabhshe&as fa.r o t'ne R Pt ;_'.
' : R .‘t- : . PR — . M J,,
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' 5.2.2
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west '<f the other mdrﬂtaﬁng dtes as pr:actlcallypoaa.ble on the property
of the West Windsor Pollution Control Plant. The ground elevation at this

- sme is the bweston the W&st Windsor test site. . An average ground .

surface elevatxonofl'i?g metres was meas::edmttnsarea. This level is

15 metres lower ‘than the ‘ground surface at Monitoring Site 2 and 3.5 to

4 metres lower man'-mnimzjng ‘Sites 10 and 30.

Thelocanomsof eachof'dae momtonngatsareplottedonaplanofthe-
West Wmdsor test site: Tl’ns 'Inslrumentat:on Location Plan' is mresented
J.n Fzgure 5.23." Each of ‘the momtonng stes was installed on relatively

'ﬂat grass covered ground: The area of Monitoring Site 10 is generally

ccve.red in brush ‘type growth with a number of small trees, however, it

~.was possible to bcate the momtonng site such that the dearest of the
“trees is at. least 15 metres fmm the observanon wells, Two relatively
_'small trees are. 1omted appmmately 5 metres north of the cbservation
© wells at Momtonng Site 20 and at this

itoring site a gigdlow ditch
appronmataly 600 mm deep is located 3 metres . to the west of the
obse.rvatton weIJs. This ditch contamed r'l Qsmall amount of water in the
‘s::z:mg and was generally drv throughout\ the summer and autmmn.

s::_ii,cdnditibns ; h . ;_ -

A detallec‘l dmpuonofthe smlcondltmnséteach of the mom.to:mg -
site locatlorslspr&eented on .the Barehale Logs, Figures 524to 5.27,

mclus.ve and the followmg is a summary of the subsurface oond:.t:.ons

site.

encount:ered.
The borehol&s at Momtonng Slte 20 penetrabed 600 mm of fill. material
conszst:mg of sand and sandy arganic topsail. This fill ‘material .was likely
remov_ed_i_irom the shallow ditch nnmeda.ately adjacent to this mgmtgmng

LY
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LOG OF BOREHOLE -WEST WINDSOR SITE 10
. . - Vertiga! Segle: L0 75
SUBSURFACE PROFILE ISAMPLES | LABORATORY TESTING
- 3: -—
Blev. [Depth DESCRIFTION I R IR RIS
m | m : £1E| 8 st |2E|SE Es Ev
181.300. Ground Surfgce 3| Fo| =270 F.
Black sondy orgonk TOPSOIL  [wgg| t | SS i |
190,85 0.4 2 :
ey 2 | ss | oieT
1 . Loose to compact 3 sS || 125 .
brown layered
Fine fo medium 4 |SS
]l SaND - 5 |ss
(78.85 2.45 6 |SS [ esol2ze| 1Ll | I1L5
7 {SS i 2a9|
Firm
grey 8 |SS | 270
Varved . y .
SILTY CLAY 9 |ss (289|399 239|160
. 3 10_| 85 || 204
17675 4.55
5 i fss | as
] 12 |ss || 458
Soft 13 [SS || 307 (337 | 139 198
grey - :
55
SILTY CLAY 4 365
with embedded sand 5 |SS || 362
ional |
| and occasional grave 6 | ss || 320
17 1SS || 37 |34 [ 187 | 174
J 182 1SS || 30.1
. 19 | SS | 284
20(ss |
21 | ss || 287
~ . 22]ss | 208 -
t 10.65= :
7085/ 1085 END of BOREHOLE

/

4
x fg

FIGURE - 5.24
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LOG OF BOREHOLE - WEST WINDSOR SITE 20
Verticgl Segle: | to 7S
‘ SUBSURFACE PROFILE . fcamMPLES| LABORATORY TESTING
. - . -— F -—
Eiev. |Depth DESCRIPTION AR RS FHER R RIEE
ol el & 858 2E 28|58 5
. W = = 0
(7940 000 e TS 2 > :
.1 Sionr B
Loase brown fine fo coarse SAND [0 SS | 237
l'}r& 8'_ HRCK. Sanay  oruani, TOOSUIT 2 |85 173
4 Loose to compoct brown :
Fine fo medium SAND 3 |SS fes0
177950 1. 4 sS 23_{
1 Eirm s |ss | 238} 244|166 | 7.8
grey ) & |sS | 227
varved : P
SILTY CLAY T I TW| 232
8 |sS [ 2441270189 8.1
9 |ssars '
17530 4.10 : :
\{ 10 |Tw || 310
_ N e | w | 282 215
] ‘NI 12 | ss { 389
Soft A . )
grey 1. 13 [ SS | 336401 | 221 lgo
SILTY CLAY 14.|SS || 39.4
with embedded sond .
and occasional gravei U 15 | TW ] &75 20.7
1 \ \ 16 | TW || 236
| 1T |ss | 263
w ¢
] 18 |TW | 270
19 | ss | 352} 309|196 | 11.3
| N 20| TW || 164
2t Iss || 305
' 2z |TWl 23
169.35( 10. ~ -
END of BOREHOLE '

FIGURE - 5.25



* |LOG_OF BOREHOLE-WEST WINDSOR SITE 30 -

Verticg! Scgle: 110 7S

175,25

T END of BOREHOLE

- 7 SUBSURFACE PROFILE ISAMPLES LABG?ATORY TESTING
" - B ) R . - > -
-Elev. {Depth DESCRIPTION Ll dlesin-|2=|35| 5]
Pl AR B R E

: & | 3 Fg|S=|a=|g 3=
118180 0. Ground Surfoce _ .
18150 0.30 Black acm.dy, organic TOPSOIL .
1 . Loose to Compoct 1 sS
browin loyered
Fine to medium
) SAND. 2 |ss {250
179.50| 2.
Firm _ .
grey. . - . :
.\ Varved - - 3 |SS | 258
- L _SILTY CLAY '
177.25 4.55F - ‘
N 4 | SS- 353
1 ¢ sott ‘
grey
SILTY CLAY
.with emnbedded sand
. aond Aoccusionql gravel 5 |Twl 338
‘6.55 . s . »

FIGURE - 5.26
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LOG OF BOREHOLE-WEST WINDSOR SITE- 40

. Verficg! Scole: 140 7S
.SUBSURFACE PROFILE ISAMPLES | LABORATORY TESTING -
. : N - : - ) > -
‘Elev, th " DESCRIPTION v vtloi 213588
BN Sk rHEAEHEE
' : Ground: Surfo o | 2 S| S=|a= |87 °F
17790 O. roce - -
' Block sandy. organic TOPSOIL A -
177.35 0.55 : - N
: ~Locse to compoct | 2 8l
"4 brown loyered : .
- Fine to medlum~SAND 3 1491 N DR
17655 1.35 — . .
) 4, 246|294 [ 202)92
- 1 - \em S 5 245
- grey - eV . - . ‘
N varvedt T o 6 231293 |189 {104,
1. SILTY '.@A‘:‘_ v > . T 299 .
. . 8 25.0
17519 2.75 . ' :
b .9 3|9 - N
R 10, 3&6| . | '
1 soft 427249178
grey ] i2 33.2 C 194
SILTY CLAY ’ o : i

with embedded sond”
“‘and occasional gravel

-

43.6|43.4| 214|220

209|287 6.9/ 1.8}
227 | 215"

J2lalz 1214 (2 |a (2] 8(2|2|a|2|2|2]8 |84 |a]8]4]4] rw
i

167 40{10.50kc——— -
. TEND of BOREHOLE

. F]GURE- 5.27
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_Alli&ueboreholmat&le West Wmdsormtatepenetxateda surficial
layerofblacksandycn:gamctopsmlundeﬂambysandwlmaﬁneto'
medmmgramsze,apmﬁlecorssbantm&thet&rgcalB&m.enSand ‘
‘ groﬁledmbedm Section 2.3.2.2. Th:sﬂumﬂlandwasdepos:.teddmng :
the short-lived pemod of Lake Rouge, the last of the low level lakes that
occu;ned .this ‘area after the retreat of the Wisconsinan glamatlon
(Vagnezs, 1972a). The sand deposit extends to a -depth of 1.35 to 2.45°
" metres beneath the present ground surface. The greatest thicknesses of -
sand are located in the areas of Momtonng Sites.10 and 30 wh;.ch are
relat:.velyhl.gh Gramszeanalysescfselecbedsamplesofthefineto
medium sand layer are presented in Appendix D. Standard penetration test
results cbtained in the sand indicate that this’ matenalhasa locse‘

. 'mmpact' relative dermty '

‘ fAsd:scmdeect:on2322 theagnculmralsoﬂmappmgofausarea' .
(Expenmental Research Farms, 1947) indicates the sarficial sand layers

" are underlain by silty clay il at a depth of 1 to 2 metrés. The borehcles

. at _thé site revedlad “that the fine to medium sand deposited by L'a'k_e‘
Rouge is underlain by grey silty czay.' This silty clay deposit is varved
(regula:iy hyered) and may constitite the sediments of an eadier
lacustnne -depositicnal phase of Lake Rouge. The lacustrine sty clay
extends to a depth of 2.75 to 4.55 metres beneath the present ground
surface. The base level of the lacustrine sty clay deposit ranges from
" elevation 175.15 to 177.25 metres. The results of grain size analyses-
.-performed on selected amplés of this silty clay deposit are presente'd—-jaé
grmnsxze&stabutmncurvesmAppend:.xD. Atterberg limit
determinations were also, completed on selected samples of the Iamzstrme
sty day andtheraﬂ:sofﬁxesetastsarepm&eenbedOn the barehdle
logs at the carresponding depths. These tests indicate the lacustzine sity
day has a low to medium plastcity. All of the samples tested for
Atterberg limits indicate that the materal can be potted above the
'A'line on the plasticity chart but the test results do mot very near the
'A'dine and the material could also be described as a silt-clay. The
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.nam:al mcnsmre oontentoft'helacusmnes:.]tyclay rangesﬁ:om 23 to30

peroentandavmalandtacﬁleacammauonof&xesmlsamplsobtamed

'.'mdxcabestimmatenalhasa'ﬂrm‘ cons:s:ency

_ 'Vagriers (1972a3 not:s that the Lake. Rouge Tacustrine deposits "majr"

o include some glac:.olacustmne slt—clay“. Some of the amples obtained «
from, the West Windsor test s:.te in the lower 300 to 600 mm of the- -
" lacustrine silty cliy ‘deposits wexé cbserved to contain small (50 mm

wxith) mcl.usxons ‘of s.dty dlay containing embedded sand. Where these

) mcﬂnslons were greeentthelayenngm’duesﬂtyc]ay wasobservedtobe

formed around t:he md.lmoms. SRR RN _ Tt

b el

'At adepth o 2,75 to 455 metze; beneath the pr@entgzade each of the
momtm::.ng -Sites 1s underlam by a depoat af glacnolacustnne s.lty clay .
that dmaoe.msuoa]ly cohtains embedded s.-.nd and occasxonal gravel. -The

E sxlty clay genera]ly has a homogeneous aopea:anoe but examination of the

amples obtamea chd indicate. isolated lenses of mat:enal within the

, lhomogeneous mass that oontam agmﬁcantly more sand and sdi:. This grey

' sdty clay extends beyond the vertical limits of all of therzemle; Grilleq - "
_foreusmvesugauon. Asdxscussedeecl:on2322 he water well '

' - records (Ontario’. Mlmstry of the Envu:onme_nt, 1977 4 cate that tlus _

- Clayey mat:enal e»ctends o the bedrock level, 33 to 35 metzes beJow
'gradeandtmshasalsobeenme ecpenemeofmeauthorwhen drilling
deep ' borehales. in ~this area-. -for other mvest:gatmns. Grain size
, dz.stnbuhoncszorselectsamplesoftﬂae glacmlausmnesltvdayare
presented in Appeod:x D. Atterberg limit deterrrnnattorrs were i@:_r’med
onselectsampl&sof this material ‘and thaevaluesarepresentedon the'
borehale logs at the corremon&ng deoths. The Atterberg limit tests
indicate, that this sdty clay depoat has a.low to medium plasticity.
Natural ‘maisture - oontent determmauons for samples of the
glac:LoIacustx:Lne silty clay mchcate th:s depos.t has 2 maisture dontent of
35 to 40 per - cent . near -the - surface of the: deposit.  The
Ilamzstr:me—glamo]aaxstnne mterface in the szltv cﬂay depos:.ts at this site
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is charac’cenz.ed by a 10+ per cent- variation in the natural mmsture'
content of - the silty - c‘lay.f'l‘he natral moisture content ofthe
qlaciclacustriné silty-clay generally decreases with increasing depth. At
‘the" verl:calhm;tofﬂueboreho]&sthemmsturecontentcfthe@tyday
rwasfoundtobeoftheo:derofzo per cent. Thsdecreasemmmsurel-
» content w:.th mcreas.ng Gepth is characteristic of a narmally colmhdated
depos:.tofsﬂtyday wher:e tl'levmdrattoofthesltydayasd::ectly .
'relatedtothecverbtndenp:&an'eu.e., thedepthofthesml) A visual
and ‘tactile’ exammat:on of the sail samples mdu:at% the glacn.olacustnne
s:ltyclayhasa'soft' cons:stency
Asummazy'cf‘megrainsizeanalysafcrauafmescaiaeposns
encountered benea‘du the West Windsor test site are presented on the 'Sail
.Classlﬁcat:on Chart', (F:gureSEB). An.‘Atterberg Limits Summary forall
ofthesamplesobtamedfromtlnstests.te:sgesentedm&gureszg.

5.2.3 Groundwater Conditions
"5.2.3.1 . Observation Well Hydrograghs

The groundwater level readings taken at the West Windsor test: site
between April and September, 1983, are tabulated in Appendix F and -
hydrographsforeach cftheobservatwnwe]lsareplcttedon Figures 5.30
to 5.32 inclusive.

Both the long screen water table wells, 10-1 and 20-1, and the deeper
piezometers which Had screen lengths of only 1.5 metres, 10-2 and 20-2,
qm.ckly estahlished aqm.hbnmn with the in sita pa.ezometnc pressure in
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‘WEST WINDSOR TEST SITE |
| SOL CLASSIFICATION CHART

Site - Symbol
10 L -
20 X

. 30 A
L0 +

WAV \ /\
WAVANAYY \
J\ \/ \/\/\
'\/\/ AVAVAVAVAM
VAVAY AVAVAVAV \
:@/_\/ \VAVAVA \/\/\
WAVAVAYAY.

AVAVAVAY
PAVAVAVAVAVAVAVAAVAY

. 100

/A Sl[t '
.

 FIGURE- 5.28
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. _-‘:": SR ":.-_ _wd]s mstalled at Momtonng S:.te 40 was-mstalled asa p:.e:omeba: and all

“ " S of ‘these” wells had J.dentxcal 1.5 metre long screens. These: gezomebers o
TS ﬁ . aleo’ estebhshed gmometnc eqml:.bn.um .w:.thm £wo " weeks of the well
- '_-"'.'f.,:‘;.T-:;;g T nslation | LT SRS : o
i Only the observatwn Wall at Momtnmng ‘Site 30, -which had. only 2 600 mm
—‘-«__ long welI. screen, took any appreclable length of tme to come to
3 .. ' _ eqml:.hnum wlth the- m ity p:,ezomeb:lc pressure. In the case of. well 30—1 |

_ e "a pemod of appzo:o.mately two. months followed the observatzon we]l
TR RS mstanauon before ethhnum was established. . '

M v
“-' (R

", :..‘ -_. ‘_)_.-". . . s .. - _- _- . w
e ',_-_-__5.@.'3.2_ Groﬁhdwater Flo_w - .

‘-_;-'t".i‘ _:The obsenzahon well hydmg:_aphs ma:.cate the water table at the’ W&Bt
DI s "':".‘.—‘Wmdmr test site is genera]ly less than 1.5 metres beneath the gzound

:.‘--'"f,- L sirface.’ Dunng the Spring the water table apmoaches thee ground surface
L —;"fr-e_'.'_-'and lower areas of the site experience minor flooding. The wat:er tah]e

TSR level was found to declme from Spr.mg to Autmnn wa depth of- 1 tol.
o metres below g'rade. |

ERE. ecamnauon of Figure 2.2, which indicates the relative posmon of the |

) -f“'..‘_"-‘ .. West Windsor test site with respect to the surface dramage features of

' ,_.‘ ".,the area, mggests that the lateral gmundwat:er flow beneath ‘the test site

R should be ement:ally west towards the Detroit River and-somewhat south

. o 'J_"_ = towards Turkey Creek. An analysis'of the. water table we]ldata confirms

, ' '”that this is’ the case. The plat of groundwater eqm.potent:alspra’énted in .

ST _'E‘zgure 5.33 is derived from the ~water talile data at each of the

o jmom.‘.nn.ng sites-on September 30, 1983. The honzontal hydraulic gr.adlent

LT -at the West Windsir test.site is.cf the order of 0.004 based on these
L cmenatons. ~

the so:l s.:rroundmg ﬁzefbeervauonhwellsoreers. Each c:E the observat:on .. '.:
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‘a comparison of the water." tahle we:I-I levels and the equilibrium
- piezometric levels recorded in the piezometer type ocbservation wells
insfalled at the monitoring sites, clearly indicates the West Windsor test
site i1s in a groundwater discharge area, that is, the groundwater
movement is upward. A plot of the piezometric head varation with depth
as measured at each cf the monitoring sites is presented in Figure 5:M.

The vertical gradient lines for monitoring sites 10 and 20 are based on
two points because there are only two chservation wells at these sites.
At Monitoring Site 40, where there were six wells msta]lea there is
sx:fﬂments:athercf&le data pomisﬁ’latahnearzegrm.on analyas was
used to define the best fit line of the' vertical hydraulic gradient at this
Csite. As. can be seen Fom an examination of the resulting vertical
gradientlines glotted in Figure 5.33, the line derived from the regression
analysis for Monitoring Site 40 is consistent .with the vertical g:adient
line determined from the data paints cbtained at Monitoring Site 10. -
.bothofme;eatstheupwaniverucalgra&entwasfoundtobeofthe
- order of 0.07.

" At Monitoring Site 20, the upward vertical gradient was found to be of

the arder of 0.22, approximately three times the gradient measured at
- Montoring' Sites 10 and 40. The 'Plan of Groundwater Equipotential',
. Figure 5.33, indicates that Monitoring Site 20 is directly down gradient
from the West Windsor Landfill Site that is located immediately east of
the West Windsor test site. As noted in Section 2.2.2 this landfill site is
substantially complete and has a ground surface elevation -approximately
- 30 metres above t'heisum:unding land areas, It is'apparent that a
~ groundwater mound has ‘developed in the adjacent landfill site such that
there has been a substantial increase in the hydraulic gradient in this
area.. Tt would be expected that there would be an almost vertical -
downward hydraulic gradient in the landfill site. Since the regional
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groundwaterﬂowmﬂ'usareahasanupwa:dvert:calgzadlent, the -
downward flow from the site deforms, the groundwater flow path in the
'a:aacfthelanaﬁﬂlandase:pechedthe:eaxeelevatedmwardvertcal.
gradients downstream from the landfill site. Itlsmmchanareaof
mcreasedvert:calgradlent that Momtonng Slte 20 is located. -
‘Thety;ncalvertlmlhydxatﬂ.’.c gcadlentatti'eresthdsormtsxtemof
- the omder of | 007, an arder o magmmde ‘gzeanar than the harizontal

'5'.‘2.-3‘.3 Elsctrioal Condnctivi{;y -

‘The average elect:m:al conductmty valu&; f:om the measured ‘data at ‘
" each oft'he observahors ‘wells at the West Wmdsortests.’oezs plotted
X co:r&wpondmg to the depth of the wellsc:eenand p:mentedm Flgure
5.35. ST
| 'i‘he- g:oﬁndwafef from Monitoring Sites. 30 ;‘zmd 40-of the West Windsor,
test site was found to have electrical conductivity in the range of 1000
to 3000 mmma.emens (uS) md:.catl.ve of water that is fresh to dightly
brackish. )

At the location of Monitoring Site 20 electrical conductivity readings of
11000 to 15000 uS were recorded. The exceptionally high electrical
conductivity of the groundwater in-this area is further evidence that
Monitoring Site 20 is within an area of groundwater influenced by the
adjacent IandeJl site. High concentrations of dzsolved salids are typical
- of contaminant plumes assoclated with landfill developmems and it is
apparent from the data collected at the West Windsor test site that the
landfill adjacent to the site has generated a large contaminant plume that
extends to a depth of at least 10 metres and has migrated several
- hundred metres beyond the actual landfill site property.
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Measurements in* the coservation wells. at Monito::ihg Site 10 indicated
that the shallow groundwater had.elevated electrical conductivity of the
same oxder of magnitude as measm:ed at Monitoring Site 20. The deeper

'groundwaber at Momtnnng Slte 10 has an electrical conductm.ty more

" similar to the groundwater at Momtonng Sites 30 and 40. Momtonng Site,
" 10 is not down gradient of the landfill: site, however, contamman’cs can

mlgratemadlrect:on' i to the hydraulic gradient by
' dispersion and the dispersion} ficient of the surficial sand deposits in

this area will be relativelytﬁghcompa.redtothe underlying silty clay
strata. The -contaminant gume from the langfill site has therefore
acpandedlabera]lymmemrﬁmalsandtoatleastmeamaofMomtonng
SlteIObutthecontamnantplumehasnotyetactendedasfarm&us"
dnrecuonmmesltydaystratabecaweﬂnednsperaoncoeﬁﬁmentofme

_’szltyc]avnsszbstantlallylasthanforthesand.

9.2.3.4

Em*irohmenﬁal Isotopes ,

The . comen&ation. of axygen-18 and tritium in éamples of porer‘;zater
extracted. from sail samples taken at the .West Windsor test site were
deterxmnedandthemﬂisoftheseanalys&:areplottedatthe
appropnate sample depths in E‘J.gure 5.36. As was the case at the
qudsle_-e ‘test site there is considerably more scatter of the tritium
concentration in the pore water than scatter in the depletion of
oxygen-18. This' vadation in scatter is cbviously dependent on the

‘dlssxmﬂantycfmeconﬁdencemtervals&ﬁuemﬂmﬁtheanalysesfor

these two 1sobopes.

An examination of the tritium concentration versus depth plct indicates

. there is a distinct difference between the tritium distribution at
- Monitoring Sites 20 and 40. At Monitoring Site 40, it is immediately

apparent that the pore water samples taken from beneath a depth of 6+
metres have consistent tritum concentratons of the ader of 10 TU or

/
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lessandasmchztc:anbemmedmatt‘nswaterenteredthegmund
prior o 1953. At Monitoring Site 20 the pore water from ‘the g:ound -
surface to a depth of 10 metxes entered the g::ound since 1953, all tritinr
concentrat:lons measured from this momtonng site are in excess of 20 TU.
The oxygen-18 depleuon in the pore water samples d)tamed, van.&; from
-8 to -10 8180 o/ooSMOW atboth of the monitoring stes

5.2.4 . Laboratory Hydraulic Conducﬁvity Evalvation
5.2.4.1‘.Pe.nneameber Test Results: .

The mﬂi's of hydralﬂ.m conducl:.v:.ty tests camed out on samp]&s of sﬂ.tv
clay from the West Windscr test site are tabulated in Appen&x H. The
r&aﬂtsa:eplottedaccordmgtodepthmﬁgme537.

In total 23 ‘separate samgles 'of silty clay were placed in ‘the
ﬁaermeamete.r. As was the case for the émples from the Woodslee test
site, the flow through each of these samples was measured several times
to determine the mean hydraulic conductivity of the particular sample.
The standard deviation of the hydraulic conduchvity values was in the
range of 1 x 1077 £0 5 x 107 cm/sec, the result f random error in the
Right samples of the lacustrine silfy clay laver encountered at the West -
Windsar test site were tested in the permeameter. One of the samples
was from a sglit spoon taken at Monitoring Site 10, and the other seven
samples were from one shelby tube taken at Monitoring Site 40, The
sample taken from Monitoring Site 10 may have been somewhat d:sb.:rbed.
This was one of the first samples obtained and the purpese of the test.
was o determne the app:o:-umate arder of magmmde of the hydraulic
conductivity for the design of the cther cbservation well installations. Of
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. the seven samples of varved silty clay taken at Monitoring-Site 40, three

were tested in a vertical crientation and four were tésted in a harizontal
~ crientation. The vertically criemted silty clay samples had hydrauhcr
conduct:.vxue_-s measured in the range of L5'x 10"8 to 2.5 x 10 cm/sec.
The horizontally caenmd sampls had hydraullc conductxut:es measured
mther.angeofflxlo tosxlo cm/sec.

There is a measmah‘le vanatlon between the horizontal and vertical
hydraulic conducuuty of the lacustrine gty clay sa.mp‘l.ed from the West
Wmdsort&sts.te andﬁnsvanat:on:samc.matalyha]fanorderof
magnitude.

The remalmng ﬁ&en.'ample.s from the West Windsor test site basbed in
the permeameter, were samples of glacio]acus_trine sty clay from beneath
a .depth of 4 metres. ‘

One f the shelby tube samples of this material (Samgle 12, Site 40) was
divided into five samgles that were tested in a vertical adentation. Three
of these samples were tested wsing a saturated saline permeant. One of
the remai.rﬁng ‘samples was tested using the natural groundwater from the
test site and the other was tested using a sample of natural groundwater
from ancther site where the TDS of the groundwater is significantly less
than at the West Windsor test site. The results of these hydraulic
conductivity evaluations indicated the vertical hydraulic conductivity of
the qlaciclacustrine ‘silty clay is in the range of 2.5 x 10 t0 5 x 1070
cm/sec. There is no apparent relationship between the hydraulic
conductivity measured and the TDS of the permeant. The permeant low in
TDS, provided the highest measwed hydraulic conductivity values and the
sample tested with the matural groundwater as a permeant grovided the
lowest of the measared hydraulic conductivity values. The samples tested
with a saline permeant indicated hydraulic conductivity values between
these two extremes. ' ‘
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- Atttueeseparatelevelsmme glaaolamﬂznnesltyclay,ve:bmland.
horizontal compamon samples were mted (Samples 19, 20, and 22, Site
40). In all cases the hydrauhc conductivities of the l'nnzonta]ly onent:ed' _
samples were greater ﬂ'xan or equal w5 the hydraul:.c conductlvm.a
measured - for the vertwal]y on.énwd compamon samples. ‘The actual
magnitude: of the varation.in hydrauhc conauctmty evaliated for the .
vertically and hon.zontally ariented salty clay samples is s.:ff:m.enﬂy small
asmbemgmﬁcantcomparedtothevanatmnsmherentmthe

. permeameter testing procedure employed far this wark. . It s not possible
‘-'_todetermmefrom memﬂtsofthesetstsﬁtheﬁelsamsomplc_
hydraulic conduct:m.ty in the glacnnlamzsmne s:lty clay. -

The range of hydrauhc mrﬁuctmty in the gIacncﬂaczrstnne sxltv cJ.ay was
 generally measured o be between 2 x 10 ang 8.x*10° ci/sec. The
" mean hydraulic conaucnvmy value was 4 x 100 cm/sec and the standard

dev:.atlon was 1.6 x lO cm/sec. Two-samples from a. depth of 10 métres

contained a portion of a moresandyandsltvlensofmatenalandthe‘
hydraulic conducthty measured from  these ampl&s was of the arder of
25x10 cm/sec. Anacammatzoncfthet&strwﬂ.ts@cttedmﬁgm

- 5.37 suggests that the range of hydxauhc coriductivity variation Jg the
dlacidlacustriné silty day as evaluated . by the permeameter, is
independent of depth butsmﬂnencedbvbmlvanauonsmthe
compesition of the depos:.t.

5.2.4.2 One-Dimensional Consalidation Test Results

The results of one-dimensitnal corsohdat:ou tests carried out on two
samples of gladiclacustzine silty clay from Site 40 of the West Windsar
test site are plotted in Figure 5.38.

The samples were taken from a depth of 8.5 metres below grade at
Monitoring ‘Site 40. One samgle was tested in a vertical comentation and
the other in a horzontal c:ieqtation. '
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] 'The slty clay at’ the West Wmdsor best smte is nomally_ consohdated

basedon&xereaﬂ.tsafmecorsohdatmntstsperﬁonned. Themcwcure
contentdistnbuuonoiﬂuesamplesf:omtmstests.tealsomggestedthat
tlnsdepoatwasrmna]lyconsohdatedasdmmmedeecﬂonsz.z..‘-.-_-

R wou]d be expecbed t'.hat two amplm taken Eromeseent:ally the s-:mxe

“depth - would Jbave s:mﬂarwxd ratios bt th:s was’ not the case. The B

ivectxcallycnentedsampleofsltyclaycontamedaportwnofalenseof
_mateu.althatwas s:.gm.ﬁcantly more sandy and - sm:y than the typcalsﬂty
E clay matenal encounbered at me West Wmdsor test site. - The vo:.d J:atw
_ofthe vertzcelly cne:rtedsample was sﬂ:eequently lowerthan the . vezd
" ‘ratio of the- homogeneous samp]e of s:lty clay tn.mmea in'a honzontal
Tbe two sampl&s oﬁ @aao]acustn.ne s:.lty day a]so behaved dlfferently
_when tested in. the odeomete: An escammatzon ef the consohdab.on test
r&aﬂts greaented in E‘xgure 5. 38, reveals that the hydraullc conducf:lv:.ty
ofthe verucally onenbedtestsamgilebcthmcreasedanddecreasedmth
.an increase in apphed pressure dependent ‘on, the str&s zange. The
'hydrauhc conductm.ty af the rnnzontallv cm.errbed sample decreased wz.th

: mc:meases in. applxed stress. The vanai-:on m hydrauhc conductlv.mty

‘reg:onse o apphedprmre hz:dlfferentstrees mnga thatoccurredfor
the vertically criented- sample .canr be attnbuted o the alterat:on of the :
',heterogeneow ample fa.bnc in the dlffer:mg rang&; of appl:.ed stress. '
. The in sita cverbmden pz:eesure at a depth cE 8.5 mef:res at Mom.tonng
| Site -40. has been e;txmatedatss kPa. - Basedontlusapphed pre&mre
value the hydraulic cmduct:w.ty versus pu:&ﬁare curves for the. tesmd
" 'amples ‘indicate the dn sitm sitn hydraulx: conductm_ty of the s,lty c]ay woruld
be.115 x 107 and 35 x. 1070 cm/sec_for e vertical and haiizontal
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5.2.5 . Field Test Results °
" . .5.2.5.1 Single Well Resgonse Test Results

The results of the single well response tests carried out at the West
Windsor test site aretabulatedm Append:x H. The table lists the results

of s‘l.ug, bail and hydrograph interpretation type tests carried out in the
ll observauon wells installed at the four monitoring sites.

‘The ééometry of the ob.sa:qation wélls, iqater level depths in the wells
‘relative fo the screen depths and’ the response characteristics of the

" wells prevented the use of all types of single well response test in each
"of the cbsexvation wells. Only in three of the wells at Monitaring Site 40
were dug and bail tests carred out. Only' the response time of the
Avrjhydrograph of well 30-1 was adequate for mterpretatmn as a smgle well

.. Fer those wells whereslugan&bailt&stswere completed, two of the

7 ~ _three indicated hydrauhc conductivities of the same orde.r of magnitude

" and similar value. Therasxﬂtsfrom aﬂugtestpexformedmobeervatmn

" well 40-5 indicated a hydraulic conductivity an arder of magnitude

greater than the results of a bail test performed in the same well, 3.2 x

. _10_7 and 6.7 x 1078 cm/eec respectively. - This apparent anomaly in the

smgle well response test results may be attributable to contamination of

- the well screen by the bentonite sealing compound used when installing

rthe well. I this is the case thé bail test mdlcatmg_\a lesser hydrauhc
o :conduct:.vn:y would likely be’ erroneous. '

. "--'_-Thereszﬂ.tsdthe sng].e wellresoorsebestscfallfomsareplcttedm
. -E‘Jgure 5.39, .with the depth J:ange of the d::servauon well screen of each
o _we]lmd].cated. C
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FIGURE 5. 39

SINGLE WELL RESPONSE TEST RESULTS
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- these two wel]s indicate hyd:.arﬂ:.c conduct:.v:.ty in the range of 0.3 x 10
- to 1.3 x lO cm/sec. .

" metres indicate hydtauhc mnduct:.v;txes of 1.5 x10

-' Obserirationlwe'ﬂs 10~1 and 20-1 contacted the fine tamedm.m sand layer

near the ground surface of the West Windsor test site though well 20—1 ,

must have had only limited contact. The smgle well response tests in
_5

~ -

glewellreq:onset%tsmmedoutmobservamnwel]swlﬂ:screens
establmed in the lacustrine and glaciclacustrine sﬂ.ty clay deposits;
indicate a’range cE hydr.au]x: conductm.t:es from 2 x 10 to 45 xl()‘B
cm/seé.  The distdbution of data obtamedn.snotdeﬁmtlvebutan
exarrunat:onof&ed:stmbuhonofthe gngle weJlrsponsetestr&mlis
generally szggests that ‘the wells w:.th screen -areas shallower than 6
7 o 4.5 x 107

- cm/sec whereas wells with screen areas complebely beneath a depth of 6

5.2.5.2

metr&s indicate hydrauhc conductivities 3 x 10 to 8 x 10 cm/sec

Bdiehole _Di.l_ution Test Resilts

The reslts of the borehdle dilution test carried out in well 30-1 at the
- West Windsar test site’ are plotted in Figure 5.40. As was the case with -

-ther&aﬂ.tscftheboreholedﬂqunteSu;cnmeaoutatthe Woodslee test

'aheanddxscussedeectLQnSL.z,ahnearrelauonsmpodyemsts

between the logarithm of electrical conductivity and time after a
agmﬁcantpemodoftmetasdapsedmthetest As was suggested in the
discussions presented in Section 5.1.5.2, ﬂmemt:alnon—hnearportmnof
'theboreho]ed:lutlontwtraﬂtcurve:smﬂnenceabytheexcaﬁ

- pressure mduced in. the well screen when the conductivity probe is

~inserted.
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An elapsed time of 910 hours was selected intersecting the linear pc;:tion
of the log. conductivity versus time curve for the test in well 30-1, and a
carresponding conductivity co-o:dinabe_ was det‘:lennmed as indicated in
Fiqure 5.40. The linear portion of the curve was projected to Hme zero
and the comresponding conductvity co-ordinate was recorded as the
effective inital conductivity (C ). The apglication of these wvalnes in
Bquation (23 ymlds an apparent. average linear velocity of 3.2 x 10’6

%
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. DISCUSSION OF RESULTS -

" deposits to be underlain by 'clay gQll'.

Thetwobests:.tnﬁselecmdfortmssmdywere@derlambysltyday.

" Jeposits which have resulted from different depos:.tlonal med:\amsms and
‘ -coasequently have d:fferent textures and propertxa The avaﬂah‘iei

Quarternary geolog:.cal xecords were augmented by test bonngs at ‘the

two sites. Samples obtamed Erom th&se bonngs were analysed to
determine the index properties of the s:.‘U:y clays, natural maisture content.‘ e

d:st:abut:.on, and parosity. _

The most recent of the glty clay deposits e.ncountere& the lacustrine -
silty clay sampled from beneath the West Windsor test ste, has not been,
previously document:ed. This material contains few parb.cle‘s larger than
very fine sand and is obvmtﬁ.y layered, yet‘the agncmﬂmrals:ul maps for
the West Windsor test site drea distinctly indicate the Berden Sand

The glaciclacustrine silty clay encountered at depth beneath.the West
Windsor test site and the silty clay Hll penetrated at the Woodslee test

| gSite are characterized by ubiquitous embedded grains of sand and gravel.

size. . The dlaciolacustrine material primadly differs from the silty day
till by stress history. The Hll material is over consalidated, and at
shallower depths, it is heavily over consclidated, whereas the
glacidlacustrine silty day was found to be essentially normally
consolidated. The silty clay 4ll therefore has a consistency that varies
from 'hard' to 'SHEF and the glaciclacustrine silty clay was found to have
only a 'scft' consistency.

Monitoring sites at the Woodslee and West Windsor test sites were
consucted to evaluate the in situ groundwater conditions that are
characteristic of these sites. A varety of test methods were selected to
attempt to quantify the hydraulic conductivity of the three types of sty
cdlay matedals sampled at the test sites. These test methods included

—_—
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. ‘several laboramrybecmnques and in situ testing procedures. Thexe was
.+7+  some vadahility in. the values of hydraulic conductivity obtained by the

various tests on the silty clay materials.

The hydraulic dondﬁctivity values for the silty clays, smeasured in the
field and laboratory were used to estimate the average linear velocity of

the groundwater flow based on the hydraulic gradients measured at the

6.1

6.1.1

monitoring sites. The average linear velocities calculated from these
factors were compared to the results of barehale dilitdon: tests and well
to well tracer assessments of average linear groundwater velocnty

Laboratery Hydraulic Conductivity Evaluaton

Laboratory tests are generally inexpensive to perform and can be
accomplished in a reasonable period of time. It is therefore practical to
carry out Jarge numbers of tests, pa.rtxculanly when comparative work is |
required with vanable parameters. Significant among the accepted
advantages of a laboratory testing pmgram.is the availability of -
established test methods that have been demonstrated to provide
reproducible results.. Laboratory evaluations of hydraulic conductivity
were carred out on a number of samples from the Woodslee and West'
Windsor test sites.  Laboratory testing was used to evaluate the hydraulic
conductivity of the sltv day sail samples with natural groundwater
permeants. Laboratory testing masalsousedtomtﬁo_rtheeﬁecéof
using permeants of Higher and lower TDS than the natural groundwater.

Woodslee Test Site

The upper 4+ metres of silty clay till' at the Woodslee test site was
obvioudly fissured or fractured. The. hydraulic conductivity of samples
taken from this materal was evaluated using the permeameter and one
dimensional consalidation test procedures. The samples of this fractured
matedal were all taken with drdven sglit spoon samplers because the sty
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clayinttﬁszbnewasmoha:dtoamplewi&lsl'ldbymbetypésamgae_rs.
The samples of the- silty clay obtained were comaequently disturbed to
some degree by the amﬁmg rocess and the maximum diameter of the
samples was limited to 38 mm. I was apparent from a visual and tactile
. examination of the samples cbtained that the silty clay material in this .
" zone cf the deposit was less than homogeneous.  As noted in Section 5.1.2,
notallcf the samples cbtained in the weat:heredanddesccabeasltyday
aboveadepthaf4+metrescontamedwsxbleﬁs‘ar&sorf:acmres. The
samples of sty clay that were obtained intact from the sglit spoon
sampler were difficult to trim Sor laboratory  hydraulic conductwlty
t:&d:mg without damagmg the samples.

With the variations in the fisswred and fractured slty clay material and
. the poor quality of the samples that were available for testing, it was not
 unexpected that there would be a significant scatter in the hydraulic
conductivity test results cbtained from these samples.” The range of
- hvdraulic conductvity indicated by the  permeameter tests was between
165 x 10°° and 96.6 x 10° cm/sec, a varation of two orders of
magnitude. The one-Gimensional consalidation tests for hydraulic
conductivity indicated values of the crder of 70 x 100 cm/sec., which lie
within the fange of the test results cbtained from the permeametér.

The slty clay at the Woodslee test site beneath a depth of 4+ metres is
notashardastiueMower'natenalandéelbymbesamp]erswereused

to cbtain samples of silty clay 73 mm in diameter, almost twice the size '
of the samples obtained at a shallower depth. The thin-walled shelby tube
also disturbed the samples less and trimming of the grey plastbce sty clay
was comparatively easy. The embedded sand and gravel in the sxlty clay
HI1 &4, however, necessitate care be taken to pr?*.vent creating woids
when sizing the samgles for the laboratary test apparatus. The size of the
samples allowed the removal of the smeared slty clay on the éi.des of the
‘sample caused by the sampling operation. X was not possihle to txim the
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sampl&s thhout leamng a thinner smear Iayer on the ampls wherever
they wece cut-_

There were mapparentﬁsm‘escrfracnn'esmthesdtyclaytahenfmm

" below adepth of 4+ metres at the Woodslee test site. The samples were
_allwmallymspecbadpnorbobestmg and found to be homogencus. Since
the samphng procedures used to obta:.nthe samples in this zone minimized
the disturbance ot the samples, it was not unexpected that there was only
an orde.r of magnitude scatter in the hydraulic conductivity values for the
samples tested in the permeameter. The permeam test results
indicated hydraulic conductivities in the range. of 0.6 x 10~ to 1.7 x 1675
cm/sec. The &.ffereme between the hydraulic conductivity of the silty
day samples as evaluated by one and three dimensional consalidation
tests varied by a factar of 10 cm/sec. Thae bests however, indicated the
hydraulic conductivity of the silty clay to be in the range of § x 1075 to
40 x 107° cm/sec., as much as two arders of magnitude different from the
hydraulic condﬁc_ti.viw cf simﬂar.matex:ial tested in the permeameter.

From the results of laboratory evaluations of hydraulic conductivity for
“samples from the Woodslee test site it appears that the upper 4+ metres
ofmes.l:tyclayhasahyd::auhcconductwmty&muchasmocrdersof
magnitude greater than the hydraulic conductivity of the silty clay from
depths greater than 4+ metres, as evaluated with the permeameter
apparatus. This greater hydraulic conductivity can be dlrectly attributed

to secondary fissure and fracture permeahility features in the shallow
Qorﬁonof&gsﬂtyclay Hll. The mﬁng'txocedtn‘eissxfﬁd.enﬂy pocr
however, that the lower values of hydraulic conductivity cbtained for the
weathered and desiccated sty clay materal are of the same order of
magnitude as the hydraulic conductivity valnes obtained for the
unfractured silty clay samgled from greater depth. Where the samples of
the weathered and desiccated sty clay did not contain representative
‘fissure or fracture features, measured hydraulic conductivity values are
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representative only of the intact sty clay matxrix and the_meas:xed
hydraulic conductivity valves cbtained are potentially misleading.

The hydraulic conductivity values cbtained from consalidation ‘tests on
samples of the silty clay from beneath a depth of 4+ metres are less than
the values of hydraulic conductivity cbtained for samgles of the shallower
silty clay tested by, consblidation. The difference is less than one aﬂgé of
magnitude. The hydraulic conductivity valves from consalidation testing of

-theplasdcsiltydayareﬁxemeforewithinmerangeofvalu@determined

by the permeameter Sor the shallower fssured and fractured d€lty day
material. Based on the consolidation test derived vdlues of hydraulic
conductivity from this site there is no Significant varation in the
hydraulic conductivity of the laboratory tested silty clay samples. Similar
results were reported by Desaulniers (1981) for samples of slty day
tested for hydraulic conductivity by the consdlidation test method.

West Windsor Test Site

Like the deeper silty clay at the Woodsleé test site, both the lacustrine
and glaciclacustrine deposits of silty clay from the West Windsor test site
have a cons‘smricy that allowed for relatively undisturbed samples of
material to be cbtained using large diameter (78 mm), thin walled shelby
tube samplers. The disturbance -t these samples of silty dlay as they
were obta.mngawas minimal. The samfxles of the lacustrine slty dlay
contained virtnally no sand Or gravel size particles and the
glaciclacustrine silty clay from the West Windsor test site contained less -
embedded gravel size particles than did the silty clay 4l samgled at the

" Wooddee test site. The sty dlay samples obtained at the West Windsor

test Ste were notcably easier to trm to size -for inserfion in the
laboratory test mechanisms. There was less smearing of the slty day
surfaces when the samples were tdmmed and less chance of creating
vaids which develop when larger embedded particles are disturbed.

2
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" range of hydraulic conductivity of 2 x 10

C -130-.

'As&xtmedeect:.onS.zAl,there was a measurable vanat:onbetween

the vertical and honzontal hydraulic conductw:.ty of the lacustrine s:.]:ty~
clay sampled at the West Wmdsor test site. - The vertical hydraulic
conductivity as determined by permeameter tests was found to range from
15 x 10 to 2.5 x 158 cm/sec and the harizontal hydraulic conductivity
asdeternunedbythesamet&etmethodwasfoundtorangefmm 4x10_8
t:c>5)\:10_8 cm/sec. Inbothmstancesthestandaxddewauonmthe
measured hydraulic conductivity of @e ampls of a single cdentation
was less than 10Ha cm/sec. The variation between the means of the
vertical and honzontal hydraulic conductqur is 2.5 x 10 -cm/sec. The
ratic of horizontal to vertical hydrauhc conductivity is therefore in the
range of 1.6 to 3.3, similar to the 1.5 to 3.7 range reparted by Chan and
.Kenriey (1973) when samples of a varved day from the New Liskard area
were tested for anisotropic hydraulic conductivity.

The results of permeameter tests carried out on samples of
glaciclacustrine silty clay from the West Windsor test site indicate a
8 08 x 10° cm/sec. There
was no measurable vadation between the vertical and horizontal hydraulic
conductivity of the glacidlacustrine slty' clay samples. The variation in
the range of hydraulic conductivity in this material is significantly larger
than the variation in the fange of hydraulic conductivity measured by the
same ocedures in the-lacustrine silty clay samples. As noted in Section
5.2.4.1 the hcrizontal hydraulic conductivity of the glaciclacustrine
material was consistently greater than or equal to the vertical hydraulic
conductivity for the §amplés tested in two crdentations. The scatter of
the test results cbtained in this material was sach that this vadation of
the vertcal and hcrizontal hyd:au]ig;@nduétivity measurements was
mgmﬁcant. The greater scathter of the permeameter derived hydraulic
conductm.ty values for the glac:wlacustnne sity clay as oopoeeﬁ to the
values measured for the lacustrine sty clay samples can be attributed to
the greater heterogeneity of the samples of glad.olacustﬁne material,
This heterogeneity arises from varable quantities of larger embedded .
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parﬁd&smthesiltyday that affect the sampling and trdmming
. . : . - v

Cormhdat:on test evaluation of * the hydrauhc conductmty ‘of the
glaaolacust::ne siity day samples md:.cawd a ‘range of hydraulic

conductivity fma 35 x 10 o 115 X 10 cm/sec. There is an arder of

_magmmde variation in the range of hydraulic conductwlty as detemuned

by the consalidation test procedure. VT’ms vadation is however, disHnctly
attributable to local vadations of the, glaciclacustrine matedal as
discussed in Section 5.2.4.2. The two arder of magnitude to three order.of

. magnitude Qifference between the hydraulic conductivity of the
' glacidlacustrine gty clay samgples as measured in the permeameter and as

6.1.3"

measured in the odeometer cannot be attributed to__szaﬁatior_: of the
material samgled from this deposit.

Factors Affecting Laboratory Test Results

‘Tt'is apparent from the test results for sampls-obtained at both of the

test sites that the variation in the hydraulic conductivity of the silty clay
as Getermined by, any of the tesh methods is directly related to the
quéﬁty of the ngﬂ.es obtained. The amcunt of sample disturbance caused
by the sampling procedure is very important to the consistency of the
tests, Themxnmecfmegltydaymda]sodictétedthéamcyﬂmt

could be obtamed in measuring the hydraulic conductivity of the samples.

The more sand and gravel size particles embedded in the silty clay the

" greater was the apparent variation of the hvdraulic conductivity of the

material as measured in the laboratory. As the sand and gravel content of
the sty dlay samples increased, trimming of these samples without
causing the ﬁomauon of vaids and excessive smearing of the samples
became more difficult.

Olsen and Darniel (1981) detail a variety of factars affecting the results
of laboratory tests to evaluate the hydraulic conductivity of fine-grained
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soils.” Included in this discussion are the effects of samgle preparation.
The a:.xtho::s a]so Hst: lmproper a’mrat:on of the samples, alteration of
* the chemistry c:E the ampl&s, and on.entat:lon of the: sampl&s. The samp‘l&s

placedmﬁuepermeameuerﬁortmssmdywere satirated from the bottom -
upby'ﬂowmgpermeantandasufﬁmentﬂowpeuodwasa]lowedpncrto
tst:ng to ensure dm&xe hydrawic conductivity measurements made were

mdependent of varaborn due to sample saturation (ie., constant w;.th
time). The testing program for samples from both’ ‘of the study sites
investigated the sensitivity of the slty dlay sdils to variations in the

—chem:stry of the permeant*and it was found that the hydraulic ..

condochvity of the low—' to med:.um—plasumty saJi:y cdlays was not
measurably affecbedbyvanat:onsm'dueahmtyofthepermeant. As has
been ;;rev:.ow.:sly discussed, only the hydrauhc oorxiucuv:.ty measurements

.';_n_ .jt;he cbvicusly layered lacustrine silty clay were found to be dependent
“on-sample odentation. The hydraulic conductivity of the glacidlacustrine

sty clay and silty clay 4l samples was measurably isotrogic.

All of the laboratory tst-;iocedmusedidﬂﬁssmdy-wefe‘carﬁedouf

on relatively small samples of sty cdlay. material.’ Tt was particulardy

apparantmatamplﬁsoftheﬁss.lredandﬁracmredporuonoftheslty
c:'lay tlll encountered at ‘the Woodslee test site were not always
'_'_"representauve of the.entire sail mass. Samplfs that contained examples of

l 'ﬁssur&s and frachures indicated hydraulic conductivity values substantially

d:x.fferent from those samgles that did not contain secondary permeahility

_ features. Even those samples that did contain fissures and fractires may
“-not: havebeénrepresentat:.vecfthe deposit. I features too large to
'appearmthe38 mm diameter samples exist in the dll depcsit then even
:themostcareﬁﬂlytmmmedsamp]eofﬁsxedandfzacmredmabenalwﬂl

notal]owforanaccmatelaboratnryevahzaboncfthehydrauhc
conduct:.nty of this material. Fissming and frachwes were not the only
features of the silty clay scils that affected the-laboratory evalvation of
hydraulic conductivity. To a large extent the presence of sand and gravel
particles ‘within the silty clay affects the labaratory test results because
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cf the. d:.fﬁculi::es these parucls pn:eeentwhen tn.muung the s-ampls fer
'test:mg * When rélatively small samples. of material are tested the | presence - -

7.'"of1argerpart1.clsmthe amplsanalsosxgmﬁ.cantlyalterthe._‘

'.‘-eEfect:.ve cross-—sect:onalazeaofmeam@.es.

T 6-2 .

- i
.--;..-- RS - 5

~ Far ampl&s from both & - the t&st sa.t&;, hydratﬂic conduct:mty measzred_"'-'-
in the permeamebar ag:a:at@s was demonstiamd tx: be repeatable and the .
reaﬂ.t-sobtamed were apparently -as, consstent as. the size and ‘quality of_’-_"'_.: .
- the amples aJlowed. 'Only e;ght am;_:ﬂ.é were tsbed er hydra\.ﬂ.lc L
'conducnv.tty by~ the consolxiatzon te:-;t me‘thod_ These tests md.mied

amplescfsltydaytﬂlfromtheWoods]eetestsmemdsamplesofthe

glamo]acwtnnesﬂty day f:om the West Wmdsor t&stﬂte. s was found'.l':‘ :
‘ that the hyd.:auhc corﬁuct:mues of. t'hesxlty clay samples as deternuned S
_in thé odeometer appa:;ams was' cons:stzenﬂy greater than thcse of s.m.ﬂar T

samglés tested in- the permeametaer .The vanat:on in’ the hydrauhq-'

"_:_~cormduct1v1ty‘va]u$ obtamed fmm the-two types of tasts was one &’ three. RN

orders of magmmde. Thzs vanat:on must be ati::buted to the d:.fference

“id the” test procedures P a&mmptnons, s.nce both types of tests a.re )
mnducbed on s.m.ilaa: sze specxmens whu:h regnred -compérabla’ amounts F

_ of tzimming. “glisen and Danidl (1981)- note that .the. classical theory of: o
5 _eomohdatlen doea mtaccmnt for Epe, axuctm:alwsoosn.ty of the. st." .
They reporb that ~ va.natnpm between permeameter denved _and )
consalidation “derived ﬁydraulm conductm.ty values Have been g:emmsly L
'-dommen’oedmﬂme rangecfoneto&ireeorderscfmagmmde,suchaswas |
foundmtmssmdy ST

cOmpé::isén __o:E Labo:atory ani.-Iﬁ Sli:lTestReaﬂts 2
) 'I‘esfs el evaJuate the hydraul:.c cenductw:.ty cE sm]s in the ﬁeld req_u:Lre :

~ mare preparat:on, tune and expense “than laboratory test.mg procedures. _
" ‘The use of ﬁeld t&etmg gxomdures ls—tl'lecefore geherally limited 4o wes L
. where there is’ ‘reason to. expect that the labora'oory samples or t&d:ng

B psrocedm‘esarenotrepresentab.ve ofthemsx.tucondlmns. F:eldtestmg_
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for hydmuluc oonductw:.ty also becomes vmble when the consequences of

mcor:rectly amessmg the hydrauhc conduct:.v:.ty will result in conditions
sopotenuallydamag:ngtmtﬂleumeandexpemecfaﬁeldtesung

o pmg:amme becomeejust:ﬁed.

The hydraxﬂ:.c conductunty tests caried out. at the two stady sites
'“_pmwded results representative of the'in sitn hydraulic oonductxmty in
N eac_‘;g»-cf the thneetypes_ of silty clay deposits that were encounteged.

©6.2.1

Lagustrine Silty Clay - West Windsor Teét Site

- The r&aﬂrs of the single we]lrépomae.t&sts at the West Windsor test site

indicated fhat the wells with portions of the screened length above the,

. 6+ metre depth level had hydradlic conductvities in the range of 15 x
- lCJ.-8 to 45 x 10 cm/sec. The lacustrine silty clay depos:.t at this site

‘éxtended to depths of less than 4.6 metres, but it is assumed that the

single ‘well response testreﬁ.ﬂrs from above 6+ metres were mﬂ.uenced by'

.', thJs matenal.

;- . Laboratory tests showed that the hydraulic conductivity of the lacustrine
_ ' silty clay was anisotropic and that the hodzontal hydmuh.c conductivity
" of the silty.clay’ was greater than the vertical hydraulic conductivity. All
- of the probes installed in the lacustrine matenalweress.mﬂ.armlengthto

dlameﬂterrauosot’nattherewasmpoaabﬂ;tyofms:.tuesb.mauonofme

' '-_-am.sotmpy of the hydrauhc conductivity of the lacust:me depoat from

the angle—we]l r&sponse test results,

_.The éeomet:y of the single~well rasponse tests was such that it would be

‘ --expected that the horizontal hydraulic conductivity -of the €ty day
_-.'__'would be. measured by the in sitm test procedure. The. permeameter
"detemmatmn of the harizontal hydraulic conducuvlty of the sty clay

-8

_'_mdlcated a range of 4 x 10~ to 5 x 108 cm/sec. The hydraulic
) kc_:orfduc_t:x.vxty of .the lgcustrine silty clay was therefore measured to be as:
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‘depth of 6+ metxes has a hydraulic conductivity in the range of 3 x 10

muchasoneo:derofmagmmdegreaterbymsmteshng thanlaboratmy
permeametermtresﬂrswo,ﬂdmdlcate.

-

. THe samgle size ]imitations mpoaed by ]aboratnry Ljedmiqu&s g:ec]nde the

chance that laboratory tests will be completed on samples representative
Of in situ sqil conditions. The variation between the laboratory test
resilts and the single wellrasponset&stmﬂrscanbeatn:ibﬁtedtotms
scale factor, The lacustrine silty clay is a distinctly layered deposit and

can be expected to contain layers of sediment that have a greater grain

size and intrinsic permeability than other layers. In a relatively small
sample of material tested in the laboratory it would only be by chance if
a sample contained a layer representative of the most permeahle of the
layers that comprise the lacustrine sty clay deposit. The cross-section of
il exposed for testing by the single well response test method is
substantially greater and it is more likely that a representative vari.ety'ef
the layers that comprise the deposit will be included in the sample
secton: The hydraulic conductivity, as measured by the single well
response test, is therefore likely to be greater than the laboratory value
because cftﬁeecpoa:re of more permeable layers.

Glacialacustrine Silty Clay — West Windsor Test Site

The results cfAsingle well response tests at the West Windsor test site
generally indicated that the sail surrounding the wells screened beneath 2
-8
0o 8 x 10—8 cm/sec. These in situ hydrau]ic conductivity test results are
representative of the glacidlacutrine silty clay deposit that extends to
depth at this site. ‘

-

Laboratory permeameter tests of the hydraulic conductivity of 'the

glacidlacustrine silty clay indicated that this material was isotropic with

respect to hydraulic conductivity. The permeameter test results indicated
the hydraulic conductivity cf this silty clay material to be in the range of
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2 x 10 tonlO cm/sec. There is thérefore sibstantial agreement

. between ﬂleres:ﬂisofmepermeameterandmsmhyarauhc conduct:.v:.ty

test results for the glacxo]acustnne silty clay deposit.’

fI‘he conscﬂ.idation. test method of dete.rm:.mng hydraulic conductivity

i’ndicatedamngeofBleO_BtollelO_Bcm/secforme

_glac:.olacustnne material.. Tt appears that the consalidaton test method

over &st:.mated the hydraulic conductivity of the g]éc:.olacustmne silty

‘clay - by one to two orders of magnitude.

Silty Clay Till — Wc;oasleem&st Site

The single well response tests carried out in 'due‘opservation wells with
portions of the screens in the fissured and fractured silty clay till located
less than 4+ metres beneath the ground surface at the Woodsleet&stsi.te
indicate hydradlic ‘conductivity in the range of 25 x 1078 to 40 x 1078
cm/sec. These vah;e.s are within the range of hydraulic conducthty for
this material as indicated by the laboratory permeameter and

‘consalidation tests. The range of values cbtained from the-lab.orabou:y

* hydraulic conductivity evaluation of this material was so large, however,

that there were laboratory measured values of hydraulic conductivity both
greater than and less than one order of magnitude different from the
measured in situ valnes. ' )

Laboratory permeameter tests carried out on samples of the silty clay. dll -
from beneath a depth of 4+ metres, below the level of material cbserved
to contain fractures, indicated a range of hydraulic conducti.vity between

0.58 x 10" S and 1.68 x 1078 em/sec. This range of values is similar to the

- range of hydratﬂlc conducuvz.tv valuefs measared in the majrity of the

observation wells with screens em:u:ely beneath a depth of 2+ metres. The
in sitn hydrauln:: conductvity values measured from the majority of these
wellswe.remtherangeoflelO_Bto3x108

-

cm/sec.
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The Iabor.atory amesment of hydrauh.c oonductwlty on sampl&s from |
beneath a depth of 4+ metres using the consalidation - test ‘method
" indicated hydraulic conductivity in the range of 8 X 102 w 40 x 10°°
cm/sec. This range oEvalxm:san cu:derof magnitude gr.eat:ert-han the'i.'“
hydraulic conductivity values indicated by the ‘permeameter tests and-the
-s.ngle well response test results. Aswas the case for the: glacnolacustnne_
sty clay at the West Windsor test sme, the consalidation test method
apparenﬂy over estimated the hydraulic mnductun.ty of the s.lty d.ay =218
bv moret'hanano:dercf magnitude.

. Some of theangle we_'llr@onse tmtsc:amedoutat the Woodﬂeetest
_ site in cbservation wells with a:reenslocated mare than 4+ metzes below
grade indicated hydraulic conductivity in the range of 6 x 10°° to 15 x
10~ cm/sec. " This range of hydraulic conductivity is distinctly less than
the range measwed for the upper fissured and fractured port:onofthe"

_sﬂtyday'al],but:ss.gmﬁcantlygreatar,byasmuchasano:derof

‘magmtude, than the range of hydraulic conductivity generally determined
-toberepzesentat:.veofmeunfracmredsﬂi:vdayuﬂ. The single well
response test assessments of hydraulic conduct:.vmqr therefore suggesc an
aspect of the hydraulic conducHvity evaluation at this site that was not
indicated by the permeameter test results. The :in sitm hydraulic
" conductivity tests siggest that there is a sécondary permeability feature
at the site that affects some of the coservation wells, likely the
existence of fracturing in theplastlcaltyclaybeneamadepthofh
metres.

The influence of fractures on the effective parosity and hydraulic
conductivity of clay and till materials has. been studied in detail by
Grisak (1974), Grisak et al (1976), and Grisak et al (1980). Al of this
work suggests that the influence of a fracture network on a deposit with'
relatively low hydraulic ‘conductivity, such as a sity clay €l is to
effectively increase the bulk hydraulic conductivity of the deposit by one
to two cxders of magnitude. The ancmalous single well response test
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results cbtained” at the Wooasleewets:.teareoonssbent\irith the
existence of fractures in the slty clay Hll. Hanna (1966) reported
-fracmr&sextendmgtodepmscfasmuchalo metres in a silty clay tll
‘depoa.tnearSarma, Ontado. The samples of silty clay from beneath a
depthqfiimet:esatmeWoodsleebstateshowedmmsbles:gmof
fractures. T has been the author's experence in other parts of Essex
County,matfracun“escanbeseenmﬂuesltydaytllwhenexposedm

. deep eccavaﬂonfacaatdepdmscfmorethanQ metres. As has been

prewously&scused,smeanngonmesnfaceoftheplasbcsltydaytﬂl_
' samples likely masks any fractures that do occur in the samples obtained.

The in sitn -am:nent of hydraulic conductivity at the Woodslee test site

o bytheuseofsnglewellrespome t&etsmdlcatesthatme'sdtyclayml

“deposits unden:lymg the Site are fractured to a depth.of at least 10
‘ metres, consxstr;nt with the findings of Hanna (1966). Contrary to the
findings of Dsaulme: (1981) the influence of these fractures on the
hydraulic conduct\.vn.ty of the silkty clay can be amed by single well
response tests. Ornly a small number of the wells at the Woxdslee test site
encountered fractures suggesting that the fracture spacing is greater than
the diameter of the borehales drilled to glace the wells (165 mm) and that
random chance determines whether an observétion well will intersect one
of the fractures in the silty clay.

Takle 6.1 summarizes the hydraulic conductvity values of the major
clayey deposits sampled for this study. '
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Table 6.1. o _ J
Comparison of Laboratory and In Situ Test Results
) Range of Hydraulic Conductivity Values x ZLO"~B cm/sec.
Test Method: Consalidation Permeameter - Single ‘Well Response
Lacustrine - .. _ - N
Silty Clay ' . B 4t0 5 - 15t 45
Glaciclacustrine : N . . :
Silty Clay _ 35 to 115 2w8 = 3to8
(fractured) 7577 297 . 2B 4o> |
Silty Clay Till ' ' |
(no apparent ' .
"fractures) 8 to 40 lto2 ‘ 2t 15 .

Average Linear Groundwater Velocity

The ultimate reason for attempting to determine representative values of
hydzauhc conductivity for different soil deposits is to allow for the '

‘acmx"ate application of Darcy's Law to predict the charactenistics of a

flow system. Many engineering and environmental assessments require an
accurate prediction of specific discharge 'v' or the average linear

‘groundwater velocity 'v' of a deposit as the prem:se for more advanced

predictions in soil behavior ar the transport of materdals in the natural
groundwater flow system. The range of the hydraulic conductivity values
for the soils at the two test sites have been  determined and the
representativeness of these values have been discussed at length. It is of
interest to estimate the average linear groundwater velocity of the silty
clay deposits from the representative hydraulic conductivity values and
correlate this information with the groundwater flow systems inv_'ea:igated

_at the two sites. : .-
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6.3.1 Estimation of 'v' from Hydraulic 'Conductivity Values

In Equatio‘n (19) it is demonstrabed the average linear wvelocity of
'gmundwaber in a sqil deposit depends on the pomsw.ty of the sail a.nd the
hydrauh.c gradlent as well as the hydxauhc conducthty

Tbepgroeitycfﬂiesiltydaysaﬂsatbothﬁtéscanbedebengﬁnedfmm
the 'void ratio »measurements made as part of the consdlidation tests
pecformed. At the West Windsar Test Site it was found that the void
Zatio of the silty clays varied £rom 0.80 to 0.95. This zange of vaid ratio
carresponds to a range of parosity of 43 to 49 per cent and a median
value of 46 per cent can be considered representative. The vaid ratio of
the silty clay tll at the Woodslee test site was found to vary from 0.50
to 0.60 cc::spondmgtopm:oat:escfﬁto%percentandamedmn
value of 35 percentzs considered representative.

The horizontal component of the hydraulic gradient at the West Windsor
tost site was determined to be of the order of 0.004. The vertical
component of the hydranﬂic gradient was determined to be generally of -
the order of 0.07. Where the influence of the West Windsor Landfill Site
affects the gradient. A vertical component of hydrauhc gradient. of the
arder of 0.22 was determined. In either case the vertical component of
the hydralﬂ.m gradient at this site indicates flow in an-upward direction.
T is apparent from an examination of these valués that the horizontal
component of hydraulic gradient at the West Windsor test site is o much
less than the vertical component of the hydraulic gradient that a
resolm:'.on of the vertical and herizontal components of hydraulic gradient
md:.cates a flow direction that wil be esaentl.ally vert:cally upward. In
general the hydraulic gradient at the West Windsor test site will be of
the arder of 0.07 but in at least one portion of the test site (Monitoring
Site 2) the hydraulic gradient will be of the ader of 0.22.
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The horizontal component of hydraulic grad:.ent at the Woodslee test s.be‘
wasdete:mmedtobeofthec:derofooozandthevertxcaloomponentof
hydratmogradlentwasdebarmmedtobeofmecxﬁercfo.osmomma
~ downward direction. The: sitnation at the Woodslee test site is therefore |
.s:.mﬂart:othatatme Watwlndso:teststemthattheve.mx:al
component  of hydraulic gradient is mbs&;ant:ally greater than the
horizontal component of hydraulic gxadlent and flow can be expected to
oocurman@ent:a‘llyvemmlauect:om The result is a resolved
hyd.:auhcgradment&theo:ﬂerofOOStoocs. AtﬁleWoodﬂeet&stsx.te,
however, flow wﬂlbomadownward direction. -

These valnes were substhted mto Equation (19) to det:ermme the range
of average linear groundwater veloaty for the range ‘of repnesentatwe _
hydraulic oonductmty values debe.rmned for each of the three slty clay
depoatgbesbod&om the twostzldysxm. '

" The lacustrine silty clay from the West Windsor test site was determined
'to have a hydraulic conductivity in the r.am_:;eox‘f].leO_st':oﬂ.S:-L:lO-8
cm/secbvmamm‘g. Asummgapomatvof(]%andahydrauhc
' gradient of 0.07 the average linear groundwater velocity in the lacustrine

. sﬂi:yclaycaﬂdbeacpectedmbemtherangeoflxlo-sto3x108'

.cm/sec. T is mcre relevant to discuss t'he average linear groundwater

' expectedtobemtherangeoflto3cm/vear

The g]ac::.olacv,st:me silty - clay ﬁom ‘the West Windsor t&st site was
determined to have a hydraulic conductivity in the range cof 3 x 10_8 to 8
X 10-8 cm/sec bv both ‘laboratory and in sitn testing. Assuming a porosity
" of 0.46 and a hydraulic gradient of 0.07 the average linear groundwater .
nvelocxtvm&elacxxstnnesﬂtvclav could be exoecbedtobemtherange

o 0.5 x 1078 to 1.5 x 168 cm/sec or 0.25 to 0.50 cm/vear. .
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The unfractured silty clay till from the Woodslee test site was determined
to have a hydradlic conductivity in the range of 1.5 x 10™° to 3 x 10

cm/sec by both labo:atoty and in sitn testing. Assuming a porosity of 0.35

~ anda hydraulic ‘gradient of 0.06 the average linear groundwater velocity

6.3.2

in the HIl could be expected to be in the range of 0.25 x 10°° to 0.5 x

-chfsec cr 0.10 to 0.15 cm/year The fractured silty clay HIl was
determmed to have a hydraulic conductvity in the range of 6 x 10“8 )
15 x 10 cm/sec by in sitm testing. Assuming a porosity of 0.35 and-a
hydraulic gradient of 0.06 the average lineat groundwabter velocity in the
fractured. till would orly be in the range of 1.0 x 10° to 2.6 x 10°°

-em/sec o 0.3 to 0.8 cm/year. The average linear groundwater velocity in.

the fractured sty clay 4ll would be mare than twice the average linear
groundwater velocity in the unfractured material, but the velocity values
are so small that the difference is only of the arder of 0.5 cm/vear.

Barehale Dilution Test Evalunaton

éoz:ehdle dilittion tests were carried out J'Q the ‘.glacldlacust:ine silty clay
at the West Windsor test gte and the silty clay Hll at the Woodslee test
site. At the West\ Windsar test site an apparent average linear velocity of
of 32x10 cm/sec was measured and at the .Woodsleetests:.tean
apparent average linear gmundwater velocty of 1.1 x 10 o 1.2 x 10-8
cm/sec was measured. These values are approximately two orders of
magnitude in excess of the average linear groundwater velocities
rredicted at the site based on meas.xredvalhacfhydrau]icgradientaﬁd

hydraulic conductivity.

As discussed in Section 3.3.4, the apparent average linear groundwater
velocity as determined by the borehcle dilution test method is dependent
on a number of factors relating to the geomeﬁry of the test well and the
t&et\g:ocedura Even if these factors are eliminated by the design of the
test cceraton the apparent average linear groundwater welocity (v ) is
dependent on theé actual average linear formation wvelocity (v), as
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-carrected to reflect the influence of the cbservation well (factor 'a", and
the apparent velocity of the tracer due to diffusion (v). - The relationship
of these factors is expressed in Equation (25} as follows:

q\ ) v, =av -i-'vd ' ' | (25)
The factor 'a' was estimated in accordance with the method suggested by
Drost et al (1968) at a value of 3.8 for the borehdle dilmtion well
confiqurations used ‘for this study. Drost et al (1968) noted that the
effect of diffusion on. the apparent average linear groundwater velocity
was negligitle if the average linear velocity of the fowing groundwater
in the formation excesded 3.5 x 10 cm/sec. The average linear
groundwater flow velocity in the slty clay scils at the two test sites has
" been estdmated at épgxmd.m-ately two orders of magnitude less than this
value, so that it is to be expected that a portion of the app-arentavemge
linear groundwater velocity measured in the borehale dilition tests is
attributable to the apparent velocity of the tracer in the grounéwabe.r as
 a result of malecular diffusion. . ‘
I the apparent average linear groundwatd velocities measured at the
two test sites are substihited into Equation (25) together wj.th the
estimated average linear formation velocities as calculated based on the
measurements carried out at the two test sites, then it is apparent that
- diffusion of the racer is the prmary mode of transport in the sglty clay
siils at the two sites. At the West Windsor test site the average linear
velodtyoﬁtheborekmledﬂuﬁontfacerbydifﬁslvedan@ortwaséfﬁhe
arder of 3.2 x 10 cm/sec or 100 em/vear as compared to an estimated
average linear groundwater flow velocity of less than 1 cm/vear. At the
Woodslee test site the average linear velocity of the barehtle dJ.Iutwn
tracer due to diffusive fransoort was in the range of 1 x 100 cm/sec or
34 cm/year as compared to average linear groundwater flow velocities of
0.1 to 0.15 and 0.3 to 0.8 cm/vear estimated for the unfractred and
fractuted silty clay 4l respectvely. Goodall and Quigley (1977) reported
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similar apparent average linear velocities cE-transport.ed substances, dve
/;diffusibn,masiﬁy.dayﬂlbeneatba]ahdﬁllnearSanﬁa, Ontario. -

N : . rd

6.3.3 Tracer Test Evalnation

Based on the resilts of the borehdle dilution tests carried out at the -
Woodslee test site it would be expected that a tracer imjected into silty
daytmatmeinjeccionwen'waﬂahavetakéncve:ayearﬁomachme,
near&st of the recept:on wells_ (4-R3) ‘which was separated from. the
mjectlonwe]lbyonlydl.s cmofsltyclaytﬂl. Intheact::altracert:est'
as discussed in Section 5.1:5.3, the tracer travelled between the imjection
'andrecepuonweﬂsmapenodofdaysmchmattheuacermtresxﬂm '
saggest the average linear velocity of the tracer was of the arder of 10
0107 cm/sec. These values suggest that a tracer would-be expected to -
travel as much as 200 metres a year in the silty clay Hil if these
velocitieswer.:érepr&aentaﬁ.veofinsimcorﬁitions. It is not difficult to
- conclude that the chservation well array installed for this study did not
funcHon as intended and that the tracer test results are not
| tative of the groundwater velocity at the Woodslee test site.
SeVeral possibilities exist to explain why the amray of wells used for the
tracer test study &id not provide accurate resultss (1) that-the silty clay
in the area of Monitoring Site 4 contained major fractures prar to
drilling, (2) despite the best efforts of the driller to keep the cbservation
well holes glumb during the boring operation, that the drll string
‘wandered below grade so that the <reens cf some of the cbservation
wells were substantally closer to the imjecHon well at screen depth than
.they were at the ground asrface, and (3) that the pessure from.the
“augering process fractured the silty clay between the borehdles creating
preferential seepage channels in the slty dlay.” The last of these
possitilifies is perhaps the most likely, though either of the other
explana’aonsﬁorthefaﬂmecfthetracert&sta:raycmﬂdhave
contributed to the anomalous results obtained from this test.
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6.3.4 Imp]icaﬁom of the Environmental Isotope D:stnbut:ons

.The;roceﬁcfdlff\monapparenﬂygoverrsmeuansportcfs;bstanc&s
dissalved in the pare water of the slty clay deposits beneath the West
Windscr and Woodsleet&:ts:.tes:fd:.fﬁmonoccusattheapparent
average linear velocity measuedférthesahne tracer The rate of
tranq:ortlsappronmabelymtherangecflandOBS m/yea::atthe West
Windscr and Woodslee test sites, respectively. —

6.3.4.1 Tritum

The transpart of tritiui in the ground is the result of both advective and
difusive fluxes. At Woodslee, both the fluxes are downwards so that their
effects are additive. Assuming that the tritium front moves at an
apparent linear transport velocity of 35 cm/vear, at the Woodslee site
. (Getermined in the borehale dilntHon test), there should be no excess
tritiom beneath a depth of 10+ metres. As discussed in Section 5.1.3.4;
the pore water at Monitoﬁ.ﬁg Si.t:e 2 has fritdum concentrations of the
order of 10 TU or less beneath a depth of 10+ metres.. The measured
tritinm distribution at this monitoring site is therefore consistent with the
distribution predicted based on the apparent average linear groundwater
flow velocity. Above a depth of approximately 8 metres at Monitoring
Site 3 the tritium distribution is similar to -that at Momtonng Site 2.
There were two pare water samples taken from this site, at depths of 9
and 10 metres, that had tritium concentrations in excess of 40 TU units.
These anomalous tritium concentrations could be caused by local
preferential advective transport of tritium in the fractured silty clay till.

' The tame type cf analysis applied to the distribution of trium at the
West Windsor test site must take into account that the West Windsar test
site is in a discharge zone. The flow of groundwater at this site, will
occur in a direction opposite the diffusion of the tritium in the
groundwater. At the apparent average linear velocity of 99 cm/year
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(borehale. dilution test), and a calculated average linear velocity owing to
advection, of 0.5 to 3 cm/year (single well tests), the net advance of
tritinm into the groundwater would be expected to be cf the arder of 96
098 cm/Year. At this rate, one coudld expect to find tritated water ata
depth of 27+ metres. As discussed in Section 5.2.3.4, the pare water at
Monitoring Site 20 of the West: Windsor test site has tritium
concentrations in excess of 20" TU to tﬂae full depth of 10+° metres
mvmbgatedby thxsstudy The coserved tritinm distribution is consistent
wrththep:ed:.cbed n.Thetn.tmmd:stnbut:.onmeasuredat
, \{omtnnng Site 40, how ’ mdﬁmb&s that the pare . water in the silty
clayzsncttn.t:atedbeneatl‘xadepth of 6+ met:es‘. Smcetheso:lproﬁ]e
at both of these ataes:sszmﬂarthece mustbe areason’duattntmm has_
not diffused in the pare wateratthesamerate at both sites.

One posxbahty hes in the bopography of &1e sand—s:lty clay mterface. The
"information availahle suggests that the thickness of the’ sand’ depos:.tj
varies considerably, probably dependent on the criginal contours of the
underlying silty clay strata. Where the surficial sand layer has been
deposited within contained depreﬂswrs in the silty clay surface, ﬂow in
the.and will be governed by the properties of the glty clay and there
will be littTe flow of groundwater in the sand layer. In this case diffusion
of trdtiun would occur in accordance with the rabte predicted by the
‘diffusion model (Monitoring Site 20). Where the surficial sand layer is .not
contained and flow.occurs at a rate goverried by the properties of the
sand, a sufficient rate of flow could ocour in the sand layer, even with a
smallhydrauhc gradient, that wouldbe of similar arder of magmmdeto
. the appa:entaveragehnearveloatycfmtmm due to diffusion such that
»'dszuson czf the ~tritiham would appearto take place at a dower rate .
(Monitoring Site 40). - "

I3
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The concentratmncf 180 mmeamlpm:ewater at the tune thesmlwafs '
' formed remains unchanged.unless it is mixed Wlth- water ha.vmga‘.
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The cxygen-18 distribution of the upper 10 metres of the Wooa's'lee-wsti ST

site co::obaratzs “the -£mchngs of Desaulmers (1981). D&u]:ﬁers"
oxygen-18 data suggests a, decrease m oxygen.—ls concentrat:on )
throughout the sail proﬁle to bedrock, such that an’ 180 dep‘.letonam the

arder of -17o/ooSMOW was meas:red gear bedrock.“at a depth of,"- .

approximately 30 metres. Since the salty clay:scil beneath the Wmslee{

pest ‘site is a glacnal till material which was depoatgi dunng a c.hmat:z:' ’ - ‘

pericd which was dxstmctlycooler than the gr&eent, it is mts:rpnsmg_
that the deeoest: sails have 6180 valneﬁ in e crde.r of -l7o7’oo. -

v . - i -

-

- -
- - Se

Thep]otcf 6180 va:s.;sdepth at the Woodslee.test site éiows mat'there-

is a distribution of values from —9o/00 o -130/00 betwéen depths of. 4

similar to the apparent average linear veloagfof the salme txacer (3% T
'cm/y::) the oocygen—la concent:atzon in the groundwater at a depth of 10 ]

netres §xot.ﬂd be theﬂsame as mat of the current raipfall; ie —lOo/oo. . ) .t ’

Thatthepore waterata.depth of 10 metr&shasagreate.r depletxonm

mcygen—ls than modern precipitation suggesus that diffusion of 180 in the

scnlpcre water occurs‘at a slower rate than that m@asured for the saline -

- tracer. Thxsslowerd:ﬁfmonrateﬁorlsoﬁpmbablyrelatedtoa .

 substantially lower concentration gradientfor 180 than for the saline” |
R e -

- - e
- -

Ifoxygen—ladlffmesataslow rate,dlenadvecuvetzansport,evenata
rabecf&zeocde:of()lcm/yea:,comﬂdcorrtzolthechstn‘.butagnomeat ‘
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ﬂueWoodsleetsts.te. Smceth:.ssn.texsmarechargezonebom
advectwe and diffusive u'anspm:t Ywill act - in the same - downward
"direction: Ewemmeadvecuveuansportmk&sﬂaceatarabeofOI_
cm/yearandtransportafmecmyge:rmta}mp]aceatarateofsmﬂar-‘

magm.tude, then the r&mli:ng d:stnbu!:on of 180 would not be -
mcomstent wn:h the azstnbut:on of the Jsobope cbserved at the Woodslee
test site.

-

" The W&st Windsor best: s.te mlocated in a groundwater &sdmarge zone, if
theadvectmeanddsztmvetzanqaortramofouqrgerrmareamﬂar as

‘ wWas postilated at the Woodslee test site, then there would be o advance

“of an oxygen-18 gradient in the sty clay deposits at.this site. The
barerbled:lunonmresaltsmdlcate thatt:l‘xed:fﬁ:s:.onxabeatWest'
i Wmdsor;stlueeb.mesthataﬁoodslee. This being the case, there would
-be asxﬁﬁmentnettran@ortrate for the cxygen-18 that we comﬂdacpect
1sobope concentrations in the groundwater to at least the 10 metre depth
consistent w:.t-h the 180 isotope concentration in modern r_:xemp:.tauon. '
This expected@.stnbut:.on was recorded at the West Windsor.test site: It
wﬂlbenecasa.tyt:odetermnethe &smbut:.onofoxygen—lamthedeepe:

" portxom&&esltyclaybeneaﬂltheWestwlndsort&stsmetomakea

more accurate assessment of the net transport rate for this isotope that
would be consistent ,w:.th the distributions found at the Woodslee and
West Windsor sites. ' ' ' '

\
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CONCLUSIONS AND RECOMMENDATIONS

Summaﬁon :

study. Lacustrine and dlacidlacustrine silty days were encountered
at the West Windsor test site and silty clay tll was penetrated at the
Woodsleetests:.te. Alaboratnry baﬁtmgprogramme wascarn.edoutto

. assess the relative. value of different testing procedulr&s to. determine

representative ranges of hydrauhc conducuv:.ty for these t._iepoats.

Hydrauhc conductm.ty valies derived from consohdat:.on test results were

, cors:shently greater than the values' cbtained from permeameter tests.
'Thef consalidation test method of determining hydraulic conductivity was

Three deposits of silty clay were sampled at the two _test sites of this

found to be insensitive to variations in the samples. The reproducibility of - -
the test’ was limited t© approma’oely an order of magmtude. The -

permeamebert&d:.mﬂmarereproducnble and the accuracy of the tests
vanedf:omleas:d)anhalﬁanorderofmagmtudetoanorderof
magnitude, depending on -the quality of the samples cbtained and the
number of sand and gravel size particles embedded in the «lty day
cmples. oo . .

Permeameter derived values of hyd;:atilic; conductivity for the
glaciclacustrine dlty clay and unfractured slty clay till were essentially
similar to the results cbtained from in situ hydraulic conductvity testing.

The in sitn sitn and laboratory test values of hydraulic conduct:m.ty for the .
shanowsﬂtydaytﬂlwmchnsﬁ&mredandfxacmredatdosemtervals—

were of the same ardet of magnitude. . The scatter of -the permeameter
test results for the fissured and fractured material makes the 1aboratm:y
evaluation of hydraudic conductivity - in this type of matenal of

) questlonablevalueurﬂ&masustam:lalnumbe.rcfb&etsarecanmedoutF

\

A
A

\
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The permeameter tested ampl&s‘cf the lacustrine sltyclayd:d not.
"+ provide a representative range of hydraulic conductivity values. Field -
testmg to determine hydraulic conductivity indicates that in sitn -
hydraulic’ conductm.ty is as much as an order of magnitude greater than -
 indicated by the laboratory test results. -Permeameter tested samples of
“the silty clay il &4 not indicate that theré could be fractures '
- ' thmughaxt the HIl depos:.t and that these fractures contribute to the
hydraulic conductivity. of the depoat. Many natural deposits contain such
secondary permeability feamres, seams czE preferental dr.amage, fissuring
'andfracunes,ﬂlemﬂtscflaboramryb&stsbodebermnehydmuhc
‘conductmty should not be considered as representatwe of a deposit
urless in situ testing verifies that the samples used in. the laboratory
testing programme are representative of the in situ conditons. Of the
thred slty clay -deposits tested in this study only the hydraulic
'con;i‘uctivity of the glacicdlacustrine silty clay deposit could be accurately
‘;J assessed from the laboratory test results.

__+The permeameter testing program was useful in establishing confidence in
conservative nature of the sodium chloride tracer substance in the silty
clays.Far the 1 to 2 howr tme frame of the pefmeémeter test process,
there was no variation in the hydraulic conductivity of the sty clays
when a saline permeant was substibrted for the natural groundwater

~ permeant. | ' ‘

The porosity of the lacustrine and glaciclacustrine silty clays from the\
~ West Windsor test was found to range from 43 to 4 per cent and the )
parosity of the silty clay tHill from the Wooddlee-test site was in the
range of 33 to 38 per cent. The cbservation well installations at the two
sites indicate the groundwater table to be within 1 to 1.5 metres of the
ground sxface. The West Windsor test site is in a discharge zone and the
hydraulic gradient is typically of the arder of 0.07 with flow in an
upward direction. The Wooddlee test site is in a recharge zone and the
hydraulic gradient is typically in the range 0.05 to 0.06 with flow in the
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 Gownward ¢ direcfion. The horizontal component cf the ‘ydralic oradient -
wasdebermnedtobeofthe o:ﬁercf0004and(}002forthe W&st
Windsexr and Woodslee tost sites, respecuvely. Flow at both c:E the hmt_
sites was therefore ‘essentially vertical. . ’

On the basis of gxx% hyd.raullc gr.ad:.ents and hydraulic .conductivity
values, the average linear groundwate: velocity was determined to be in
the range of 1 t» 3 cm/yearﬁorthelam:smnesltyday,OZmOS..
cm/fyear for the glac:.o]acwtnnesxltyclay, andOltoOch/yearforthe
silty dlay till. Borehole’ dilution test results indicate that "a tracer
substance in the groundwater at the West Wmdsc'ir and Woodslee testsites
~has an apparent aver:age linear veloc:.nes of 99 and 36 cm/year..
respectlvely and the transpart of a substance in the groundwater at ‘the
two sites is .the::e_fore Gominated by diffusive rather than advective
transport. The average linear velocity of a suhstahce due to diffusive
tran.q;ort is appu:onmabely two orders of magmtude greater than due %
advective transport. S

The tritinm concentration distribution at the Woodslee test site was found
to be consistent with the measured amarent ‘average linear transport
velocities. This agreement suggests that the ample and inexpensive
borehdedﬂuuonappammjsemployedfortmssmdycouldbeveryuseful
in contaminant transport studies  in\ fine-grained scils. The tritium
distribution at Monitoring Site 20 of the West Windsor test site was also
found to be 'oonsilstent with the apparent average linear velocity measured
by the borehale dilution test. Thetransportoft::mnm at West Windsor
Monitorng Site 40 is complicated by a surficial layer.of fine to medium
sand of variahle thickness and it was foundthattnt:ated water had not
beentransx:rteatodxeextentpre&ctedbvthe measmeaapparent'
average linear transport velocity. ‘In areas of complicated groundwater
movement, oartn:xﬂady where there are substanual flow rates, the use of
thede\nsemaybeveryhmz.ted. C
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_The d:st:nhrt:.ons of oxygen-18 at both the Woodslee and West Wmdsor

tatamaxemrﬂsbentmﬂmmetrerﬂscfmemeaameddxfﬁﬂonmtes'

kmthesﬂtydaysmls.

Suggested Improvements of Techniques

The monitorng wells at the test sites were installed using '1.5 inch' ar '2

" inch' size .piping. There was consequently a substantial time lag in the

we]]sbeﬁore'eqxﬂibﬁumwiﬁlmeinsimporewaherpr&smreswas'

7. achieved. The use of smaller diameter wells with less storage capacity

woﬂdbeg:eferablemfu’mrework.

At'least one of the cbservation wells was affected by the proximity of a

.lav':ge tree. Special care and oonsideration should be exercised when

installing observation wells in dayey sails to ensure that the wells are as

farfmm'c:e@asphysica]lypoéible.

The accuracy of the hydraulic conductivity assessments for the silty clay
sails ‘tested in this study was cbviocusly affected by the quality of the
samples cbtained. The most critical factor affecting the quality of the
samgles was the sand and gravel content in the glacial silty clay scils.
The effects of these larger particles could be minimized by taking larger
samples in the field and by using laboratory equipment that will
accommadate significantly larger samples.

The barehdle dlution apparatus employed was simple to construct,
reusahle and relatively inexpensive. The device is limited to use in fine-
grained soils with zeiaﬁ.vely low apparent average linear wvelocites
because of the period of time required after installation of the probe
before the dilution measurements are unaffected by the pressure induced

‘when the probe is inserted. The incorporation of a pressure relief valve

that could be sealed after the probe is inserted, would alleviate this
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problem and extend the use of this device. Tmstypeofalt.erat:onwoxﬂd

mcceaset:hecostandmneofcorstructmnfortheapgamms.

The tracer test installation did mtfunctionasinterxied and this failure
must be related to the design of the cbservation well armray and the
method used to place these wells. The probes used require a '2 inch' size
plpeﬁormsta]latlonb:tthesxzecfdmebo:ehdscmﬂdbereducedand
the spacing increased. TheadvanceoEthedn]ll'xolescotﬂdberegulated‘
atas".owspeegitodec:easeﬁxeposabﬂltycfoverstresmngthesltyday
maberial between borehales. It another attempt were made to carry out &
wellto-well type tracer test at this site then the array should be both
larger in areal extent and three-dimensional. The observation wells
suggest that flow at the sites is essentally vertical and diffusion will
ocout in.all directions. Vertical cbservation well arrays could be installed

i:si.ng the single pipe, mult-port cbservation well equipment now

commercially available. Since transport from the mject:on well is

-expectadtooccurasent:a]lybydﬁmn, them)ectmnwe:llshaﬂdbea

Gonstant concentration source as opposed to the sngle ‘tracer . dug' type
source used in this study. The constant concentration at the injection
well will allow for an analytical solution of the differential mass balance

| equation needed to define transport in the silty clay sail.

Suggested Fubre Studies

The QuaztenmygeologyinmeareacfmeWestWindsort&stiéhas
only been generally mapped. The significance of developing accurate
profiles of this area should not be over looked. The delineation of the
near surface deposits of sand and lacustrine sty clay (Lake Rouge) in
this area could add valuahle information to the geclogical histery of the
Lake St. Clair and Lake Erie basins, if information £rom the Detrait River
moreazeacanbecon-elawdwlﬂ)mebeach depos:.tsofthesetwo
adjacent lakes. ' '
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The lacustrine and glacidlacustrine sails encountered at the West Windsar
test site are relatively weak by comparsor to the silty clay Hll deposits
that predominate in Essex County.. The accurate mapping of. these.
deposits would be particulady valuahle as a basis for rational land use
 planning and the selection of an economical development strategy for the
City of Winasm and cther communities that occupy river front property..

The ]amstnne szl;y day sampled at the West Windsor &st site has been
shown to have a ratio of horizontal to vertncal hydraulic conducthty in
the range of 1.6 to 3.3. Thelabomta:ywstrmﬂisfromtmssmdy
suggest &xat_: there may be a variation between the horizontal and vertical
hydraulic conductivity of the glaciclacustrine silty clay deposit but the
accuracy of the t&.'tmg done in this study was msuﬁﬁ.clent oo demonst:rate '
the significance of this amsotmpy. A tatmg pzog:am mvolvmg
considerably more samples cmld' be undertaken to determine if this -
‘anisotropy actually exists. ' F such a stidy is undertaken the largest
possible samples should be cotained to avaid ‘the effects of sample
disturbance and the sand.and gravel particles embedded in the silty clay.
. o _ b

The movement.of groundwater in the surficial fine to medium sand 1ayer _
at the West Windsor test site and the transport of substances in this.
layer to and from the underlying silty clay strata is apparently complex.
The relationship between discharging groundwater from the
Qaciclavcustrine silty dlay o the lacustrine silty clay. to the surficial
_sand, each layer with a measurahly greater hydraulic conductivity would
be. of interest particulardy if the effects of diffusive transpart can, bé
studied in comjunction with the advective component 'of t:ansport. '

Information gathered as part ‘of this study suggests that there is a
'substantial leachate plume extending from the West Windsor Landfill site,
in the swficial sand and at depth in the sity day deposits. The
monitaring and delineation of this leachate plume would likely provide .
a considerable wvelume of information on the complex t:cansgort
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mechanisms that affect this area.. The leachate gilmne from the West

‘-WmdscrLa‘ﬂfﬂlatehasamghspemﬁc conductance, -A geophysa.cal

sz:rveycfme]andﬁﬂls.teareahasbeencomgleted (Ali, 1984), and this
mrveycanbeusedasagmdetopianmemosteﬁfecuvelocamrsﬁor
:.rstrumenta’aonoft-hes:.te. '

_ This shdy has confirmed a number of the ﬁnd:.ngs of Deﬁzﬂme:s (1981)
wlthregardtothemovementandagecftheporewa’oermthesﬂtyday
_ tﬂl,-fogrxiatme Wooddlee test site. There is much that could be learned

" from the comprehensive samgling and t:estmg of the pore water in the
\:sdtyclayu]lf:omthegxomﬂs:rfacemthebedmdc. Prem;sworkwas
basedonveryhmxtedamp‘lmg Fortmssuﬁyﬂuesamp]mgmtervalswem
* relatively fr:equent, but the extent of the mvest:gatmn was limited.

Observation well 3-1 at the-t_foodslee test site was ocbviously effected by . |
‘the maisture demands of an adjacent tree. Continuous monitoﬁng of this

. well together with the installation andmorn.tm:ng of tensiometers in the
- immediate area of the tree would pzov:devah:abledataforcompanspn.
with the mrecipitation and bempe:ature data that are regxﬂazly collected .
at the Wooddee test SLte. '

m.fftzsonzsappaxenﬂyduemmarysourceoftransgortmmesltyday
sn]sencounteredatbothcfthet&sts.mandtherezsa&sunctscamq
of g:.bl:shed information concermng the diffusion characteristics of fine
‘grained sals and the relationship of these propertes to gxoundwat:er
.trans;nrtofoontanunantsmgeneral. Tl'nst_\,_rpecfmformauonzs
constantly becoming necessary with the ever increasing demands for safe
but inexpensive disposal of contaminated sabstances. The development of
a'cost&eﬁfecﬁve laboratory testing procedure to measure the diffusion
pazamete:sofﬁne—gzainedso&lampl&sandﬂiedesignmﬁtesﬁngofa-
field insbrumentation scheme that could be used to accuratsly measure
these parameters with :easonably cons:stent uCCesS, should be of;:umary )

w
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comemﬁor:esea:chersandengmea:s endedvouring to wc:kﬁiﬂt these
materials, | . )
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4 SITE and WELL. INSTALLATION DETAILS

- 3
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WOQDSLEE TEST SNE |
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WOODSLEE TEST SITE 2
SITE and WELL INSTAL.LATION DETAILS

1
t } s MAIDSTONE CONCESSION ROAD 18-19
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FIGURE - 4.2 ~
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SITE and WELL INSTALLATION DETAILS

Seale 1:100

TYPCAL WELL

< vented cop
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slotted well screen
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FIGURE - a.s
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SITE ond WELL INSTALLATION DETAILS

.

Scale 1500

cuttings

baocktil!

,MTV

I

17535595

17940-1 .80

180.10—1.20
1795135

TS IVIILYIA

172401890

170.90~+-10.40

FIGURE- a.s

[WEST WINDSOR-SITE 10
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WEST. WINDSOR SITE 20

SITE and WEL

)
L)
1
A

L INSTALLATION DETALS .

A
L
!
1
L
L]

Scale 1:500

"WELL 201 - - WELL20-2
- -‘_ vented cap LI
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~ 74 17 '
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221 1221 ond silt) '
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O . //j‘_’{/}'f tiltered [ntoke bentanite seql
E 17365+5.80 . lZEZ]
g A7z
= ,//”’ caved #ill.
. AR {predominently
17275 T 670 sand and siit)
171,85+ 760
ITO.IO—-935 siofted and 7

filtered intake

elos  FIGURE- ae
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WEST WINDSOR SITE 30
SITE and WELL II\BTALLAT!ON DETA!L.S

¥ '
Scale 11000
~i -
- - WELL 30-!
4ventcd cap - '
S ' T2t ABSPEM . . .-
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= » '
§ 17755 4.25
caved " fill.
‘ ) . _ ; mm
7B 04550 ’ siotted 2"PV.C. -
well screen
175 70-4-6.10 .

FIGURE=- 4.7 :




WEST WINDGOR TEST SITE 40 SITE_and WELL INSTALLATION -DETAILS~
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FIGURE- 4.8
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APPENDIX B .
‘PORTABLE CONDUCTIVITY METER - SPECIFICATIONS .

Manufactirer: PHOX Systems Limited

Model: . 52 : . o |

Description: A portable battery operated solution conductivity metgei: |

I © designed to make in situ measwements of electrical
conductivity. The unit is fitted with a meter scale,
calibrated in microsiemens and ppm of total dissalved

' Range of _ - _
Measurement: 0 = 10 microsiemens 0 - 5 mg/l (NacCl
' 0 - 100 " 0 - 50 L

0 - 1000 " 0 - 500 f
0-10,000 " 0 - 5,000 " :
0 -100,000 "~ 0-50,000- "
meter scale ~ 122 mm ‘

Temperature © , )

Compensation: Fully aﬁtomatic pn all ranges at 2%/c° standardized

4 o 25°C.
Internal Power . |
Supply: 2 x Mallory 9 volt. Life in excess of 12 months dependent

- on use. Power test facility.
Measuring Probe: Epoxy resin and carbon electrode assembly, fitted with cakle
and plug. Maintenance ﬁ:ee, chemical resistant, maxdmum
temperature 80° C.



- S A=

APPENDIX C

‘INTERIOR SEALED OBSERVATION WELL AND COMPANION SHEATHED
CONDUCTIVITY PROBE ~ FABRICATION DETAILS
Sealed Observation Well

-,

The interior seal of the cbservation well consists of a flexane rubber ring
attached to the inside of the cbservation well casing”as shown in Figure C.l.
Th%enngsectlorswerefahncamdm@annty The interiar of a 300 mm piece
- of two inch size A.B.S. plastc piping was cleaned with A.B.S. primer and
allowed to dry thoroughly. This piging was then placed in a pan vertically and
supparted. In-the pan at the base of the piping was a patch of petroleum Jelly
- that_actsasabcttomsealandareleasingagent. | |

A 350 mm long piece of one inch size P.V.C. plastic piping coated with
petroleum lly was then positioned in the centre of the larger pipe and
secured. The Devcon Flexane 60 liquid rubber componehts were mixed in
acco:ﬁance with the manufacturer's instructions and poured into the annulus
between the larger and smaller gpes. " After allowmg several days for the
flexane to thoroughly cure, the P.V.C. p;pe was removed Ieavmg a 300 mm long
piece of two inch size A.B.S. pipe lined with a layer of flexane rubber. This
piping was cut into six equal lengths and each of these pleces * constitutes a
completed interior seal ring for installation in an cbservation well

Companibn Sheat-h-ed Probe

- The sheath of the conductivity probe provides p:otectton for the ,probe as it is
pushed through the seal in the cbsexvation well and a mechanism for this
insertion procedure. A schematic diagram of the sheathed probe is presented in
Figure C.1. Each of the probes was fahricated separately from sections of one
inch size P.V.C. plastic piping 300 mm long.
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* TYPICAL OBSERVATION WELL with INTERIOR SEAL and

‘the COMPANION SHEATHED CONDUCTIVITY PROBE
for point dilution and fracer tfest studues

OZSERVATION WELL' ' SHEATHED CONDUCTIVITY

PROBE
b
\‘/\_‘\
2"AB.S.
piping o “
N coble
DEVCON
FLEXANE 60
-‘% L iquid Seolanr\‘
A
.éoork pocking
2" ABS.
) coupling
L b
. N
pHOX Systems Lxd.
\ I 0 conductivity prbe
3 |
2"PV.C
well screen
. ) o O
" PVC O
piping | ~
_perfarmed o0
N N\l oo
: MO O
00O\

- T 9 20 40 e0mh
S S S W
— T

- FIGURE - ¢.1
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The lower 100 mm of the pipe was perforated with a drill and the cuttings
removed. The piping was then ﬂmoroughly cleaned with P.V.C. primer. The
'deaneagpewasmenamuedvemcanymmmeperfommaerﬁdownwa:as
The pHOX Systems Ltd. conductivity probe unit was lowered into the prepared
pipe and suspended approximatsly 10 mm above the base of the pipe. A piece of
sdlit cork was then forced into the pipe around the cable of the probe and
pr@eddownonto‘thegobetopu A small quantity of Devcon Flexane 60 liquid
was then prepared in accordance with the manufacturer's instructions. This
liqwd was poured into the piping on top of the cork packing until a seal at
least 75 mm thick was in place. The flexane was then allowed to cure for’
sev_eraldays.

Thetaperedﬂexanenng wasﬁormedontheextenorcfthembe sheath by
Mngmg&xecompletedmtenorsealedmeamandgzobewmmeperfomtederﬁ
of the pipe upward. A measure of corectly mixed flexane rubber liquid was
then apglied in a ring around the pipe sheath approximately 150 mm from the
unperforated end of the probe sheath. "The liquid flexane then flows down the

qxtsdecfdnegobesheaﬂubygrautyandasltammereqm:eitaperednng
of flexane is created.

7.
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. - ADPENBIX D

' GRAIN 'SIZE ANALYSIS RESULTS
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' PRESSURE PERMEAMETER SCHEMATIC DIAGRAM

Fxtlmg

T Bheenire | _shutoffvalve

: .

Pressure Tank

static levél standpipe
A.BS. plastic
'Permeant

Feed
"% Pressure

/ Il Gauge

needle
valve

dpipe__

v
S I \Back

=Pressure
L Gauge

toff 'valve

sanmm gle
comfainer

t . :]base plate

)').rdlve'

Csuoffgy L
alve ?

B

FIGURE-£.1
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PNEUMATIC ODEOMETER SCHEMATIC_ DIAGRAM
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TRIAXIAL: CONSOLIDATION SCHEMATIC DIAGRAM._
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APPENDIX F

[y

TABULATED WATER LEVEL OBSERVATIONS -
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APPENDIX G -

ENVIRONMENTAL ISOTOPE ANALYSIS RESULTS

»
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_ 'WOODSLEE TEST SITE - Environmental Isotope Analysis Results . Tahle G.1

- Monitoring . - . . Depth 8o - lmaw
. _site. | Sample (metres) (o/cOSMOW)  (TU) -
2 10 - 41 |1 23
2 12 5.0 -10.0 93.
2. 14, 59 -101 50
2 16 6.9 - =10.5 3 .
2 18 18 -11.3 22
2 £ 20 8.7 -11.7 .33
2. 2 0 96 124 12
'3 10 4l 9.7 | 26
3 12 . 5.0° -10.2 . 51
3 . 14 59 v AL3C 23
3. 6 69 ~11.4 o34
3 18 -+ 78 . L6 11
3 200 87 . d2s5 . 47
3 22 . 96 - -13.3 49
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»

~

- WEST WINDSOR TEST SITE - Environmental Isotope Analysis Results Tale G.2

" 'Motitoring . pepth  s®0w2 - Smus
. Site ' - . _(metres)  (0/cOSMOW) . . (TD)
- ) AN - ' ~t
20 21 82 107,
20 10 ar - .92 -
20 16 6.9 27 . 66
20 18 . 18 94 R
20 - .20 -8 9.8 53
20 : 22 - 96 - 2.7 33
40 -8 3.2 -89 41
40 10 4l 9.3 54
- 40 13 55 . =90 . 62
40 15 6.4, 8.2 16
40 7 7.3 ~3.0 | 9
40 20 8.7 -8.5 16
40 23 10.1 8.7 17
7
- '



APPENDIX H . .

HYDRAULIC CONDUCTIVIPY TEST RESULTS

S

L



-

~ WOODSLEE TEST SITE

Permeameter Test Results

Monitoring
Site

RN b

L W W W

S R N N T O O N

Depth

: 'I_‘lg'g -

(metres) - Odentation

3.7
4.6
6.7

9.4

2.2
7.4
8.3

2.4
4.7
7.3
10.2

2.0

4.8 .

4.8
- 5.0

- 5.5

'35
5.5
5.5
6.4

vertical

. horizontal

horzontal -

K x 10"8_ _
cm/sec _ permeant
9.62. nabural
1.09 saline
1.64 = natural .
. Les matural
N
1.65 natral
074 - patmal -
1.17 natiral
2.27 ~ natural
0.58 - natiral
0.76 . natmal
.0.88 ~ natural
96.60 - natural
0.71 . matual
0.96 " nmatmal
27 - natural
1.02 natural-
1.04 . saline -
1.14 natural
072 . gﬁne

0.88 ° natural

Table 1~ -
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WOODSLEE TEST SITE.

" One Dimensional Consalidation Test Results | rable 8.2
Monitoring - Depth : E _ R x10° st -
~ Site . . (metres) ' Orientation cm/sec Pressure
4 3.0 . vertical 715 . 40 kPa
4 3.0 - horizontal 77 40 kpa
4 . 6.0 ~  vertical . ' 40 . 75 kPa
4 60 horizontal - 45 75 kPa
- Three Dimensional Consalidation Test Results T Takle H.3
Monitoding . Depth SR x10° st
Site- : (metres) Oxentation cm/sec Pressure
5.0 vertical 83 65kPa
60 vertical 11.0 75 kPa



WOODSLEE TEST SITE “ : .

Single Well Response Test Results -

‘Monitoring
5 _

1
1

. 2-
'3
3
3 -
.
3

‘f

-

Depth Range

-

(metres) | slug

L2-61 - 26.10
8.6 - 10.5 © 210

1.0 - 6.2 1390000.00
8.4 - 10.6 2.79

L3-31 26.00
2.4-4.8 2,35

. - 4.2-6.4 . 2.05

. 5.2-7.8 9.38
4.6 -9.8

7.7-11.5 7.77

5.3 ~ 6.2
5.4-7.1

,leo“s cm/sec.
bail

38.00
L73.

1330000.00
1.89 7

- 26.80
2.93
2.99
14.60 -
T 233 0

T-12.60 T

Table H.4

2.95

2.95

1.50



: _w:E"s_'rfmeS.oR TEST SITE .-
'Permeameber're-;taesﬂrs R _L'._i Table:H'.s" Ta
'-Momtonng s #D_epth' PR 'h K xlO"B |
S Site - (metxes) Odentation. - .cm/sec

— *

0. 30 vertical - 54.00

i .48 vertical 273 . sline’
o200 6.5 vertical .. 272 - - matwal’’

a0 23 vertical . 1.49.. ~  mabwal .
0. - 2.4 vertical 2040 matgral
T4 - 24 vertical | .. 253 - matmal.
T horizontal =~ 4.92-  matmal -

40 - ° 25 boxzomtal . 4.40 - matimal
40 . . 26 borizontal . 430 0 matwml

‘4 . . 26 .. hodzonmtal: . 823 - yatwal "

0 . ' a4l - “hodzontal 1. | 811 v lowien
a0 a2 verfical t.. 0. 460 .0 lowdonil.
40 0 .+ 42 7 vedeal ! [ ' 3287 0 slinel |

40T a3, verdeal s 374 ‘gline - -

g U a4 Cverdeal. oo 264 < matwmal -
3 R W PR honzontal,. 3630 . patwal L.
s T - ed . pedsomd C 4Sb . patwal
T4 "85 . verucal CotoL302 namral ." o
a0 785 . vertical w3487 ¢ matmall Lo
‘40 .. % 98 7 norzomwl': 72604 . matual L
4 100 . .. vemieal | 2152 7 mabgmal i

40 100 | vertical - .-6.00 ;- natuwral .



-

wese wmibsos st sty

: ".“,...Oné Duuerswnal COnséliéa_ﬁ.on ‘J:-est Resﬂi_:s R " fTable H.6
" ‘Monitoring © © ' Depth S, Rx10% msitm
coe gt .o - (metres)’ © Orentation cn/sec - Pressure

o40-- e U ese | vetial . 115 85kPa -

Ul Y ss ] bedzemal 35 8Skea

 Single Welt Response Test Results | mable B7

" Mom.mnng Depth Range - . K x 107° cm/sec: . -
Lo Site (metr:s) - baiL 1_12@39:_7:1@
©ol00 ., L4-6.0 .  1340.00

S0t 8.9-104 777 L

¢

;

‘0 Ls-e7 | 317.00
o200 U sg-108. - 4.43

T X S . 232

a0 v, 1s=3l o 198
40 . 34-46 30.80 443
cag 0 T a6-64 0 2110 16.2
40 -0 64-80 . . 356

4077 - 8098 31.90 6.7
400 - tasde o w0 -
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