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This rerort presents an evaluation of the results of simulation studies of
groundwat: ' discharge te streams from abandoned uranium mill tailings and the
etfeste of thic cdischarge on the flux of contaminants to surface water sys-
tems. In particilar, & Ciscussion of the sensitivity of sun.urface discharge
to specific geon2*ric, ¢limatic and hylrogeologic factors is presented.

Simulations were carried out usiny a two-dimensional numerical finite-
element unsatur:ted-.zaturated flow mcdel, The modei can account for iransient
boundary conditions along the atmospheric boundary and ¢he effezts of the
capillary frirg: on the hydraulic response of the flow sysiem. In addition,
the moiei describes hysteresis inm the unsaturated hydraulic parameters z:ad
accounts “or thr comrrassibility of the entrapped eir phase in the saturates
zony,

A totil of iwonty-siy simulations were made, The first twenty-four of
thesz counsiderea 4 t.ilings medium with homogeneous and isotrupic hydraulic
propertiF. and with textursl properties similar to those ¢f sandy geolugicai
materials. Sinuiations of Tlateral discharges through each of four cross-
sections with surfece slopes of 2, 4, § and 16 degrees and for rainfall rates
of 0.i25.C.250 , 0,50, 1.0, 2.0 and 4.0 cm/kr were made. In addition, two
simulatiozs for & rziafall rate of 1 cm/hr and surface sinpes of 3° an¢ 8°
were carr.vd out fur tailings materizl with hydraulic properties that are sim-

ar ve Shose of siii-Ina.
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depends on many facters including rainfay) rate and durefice, <urfacr siope,
and texture. However, for the medium-fine sand material, cetewrface discharge
was always a sfgnificant component of the tetal cdischeraz, 1°*nin the context
of uranium tailings management this implies that large guancities of contami-
nants {rom subsurface sources of medium-textured tailing: can be exnected to
be discharged tc streams cduring stormfiow events,

The percentage of subsurfale discharge in the peax pr2d discharge is
greater at low rainfall rates and for high surface slop: -, ant therefore dis-
charge from tailings with stzep slopes and thoce experienting low rainfali
rate car be expectes tc have higher concentrations of ccni:minants than dis-
charge from low slopes that are experiercing uigh rainfall vates.

Subsurt'ace discnarge through fi .e-textured material appear: to be sluggish
and %o contribute insignificantly to the totel discharge. Siceamflow from
such tajilings materials will be primarily generated by rais fa‘'ling on ti-
saturated stream bed and areas adjacent to the stream. Under such conuitions
it can be expected that the contaminants from the shallow subsurface regions
will be quickly Teached out and the quality «»f streamflru should improve with
time,

In general, typical wuranium tailings are in the rarge of mt/fum-to-fine
grain size., Although the results in this study are very uicliminary, one ¢a3n
speculate thut streamflow from these taiiirgs will contin 2 sigaificant com-
ponent of subsurface discharge, In that the pore water at shallow depths is
of poor quality, there {s reason to suspect that untrasted cenui? from such
tailings will contain significant concentrations of contariasess for (ong

periods of time.
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1. IHTRODCTION

1.1 Nature of the Pro em

The migration of rontaminants in the salution phase from uranium nill tail-
ings can octur boih by secepage through the bottom of the imroindment and by
surface runoff{. Both patuwdys must be coinsidered in evaluating the long-term
environmantal effects nf the tailings an{ in designing apprepriata abandonment
procedures,

Surfaces of abandoned tailings ere generaliy traversed by a network of
first-order str:a: channels., Streamflow is commonly intermittent. though not
in all ceses, and the siyreams may be influent or effluent, depsnding upoa the
time of »ear an? the piriicular hydrogeologic setting, At sitzs under active
maragement, the surfece discharne is treated with barium chloride for radium
removal prior to discharge to the receiving waters: however, for effective
ong-term Aanzgement, i@ objestive is a situation in which parpetuz) treat.
ment is ao* required.

The mecnanism of streamflow generzticn continues to be a controversial top-
ic in hydrology, and cng witich has great bearing on tailing: management. In
particutsr, most streamiiow generation mechanisms ettribute the oreatest pro-
portion of {iow during major runoff events to surface runoff, In contrast,
tracer stucies supgast tnat a very significant proportion uf the flow, even
during peic discrerge, originates &5 groundwater., If the primary source of

strezmylon 15 surfzce unoff, then one would expect that withian some recason-



IR K8 o e

v

=0

i‘f"ﬂ

L

"B

- T

o
-

A

TR RS W

)

A=

o

LT3

s

LA

able length of time, the readily leachable contaminant: ¢f the surfsle matoii-
als would be removed resulting in a gradual improvement of che runoff and
streamflow guality. On the other hand, {if & significent progortion of ciream.
flow criginates as groundwater, then poor-quality runoff ccuid be expected for

& very long period of time,

1.2 Previous Investigations

The capillary fringe (the =xcne of tension saturai‘on above the water
table), and its effects on streamflow generation and thez mig-ation of contani-
nants from the groundwater zone to surface waters has poen under investigation
at the University of Waterloo for about four years. ~ield, laboratory, and
mathematical simuiation studies have Leen =cmpleted »r c«re §n progress, prin-
cipally through funding frox Atomic Energy of Canaca Lic. ({#bdui and Gilligm,
1984}, The results show quite conclusively, that undar celacted hydregeslogis
conditions, the c&pillary fringe can result in a large groundwater contribtu-
tion to streamflow. Field studies conducted in the Hast Arm of the Nordic
tailirgs near ETlict Lake and at (FB Borden, Ontaric, have <eafinmed tnac
greundwater was a significant proportion of stormflow and that the Capillary
fringe was a major factor contributing to groundwater dischsrge in these are-
as, {Blowes, 1933),

A two-~dimensional numerical finite-element unsaturatud. saturated flow model
was developed to evaluate the factors that affect the inter:iztion of the
capillary fringe and streamfliow generation, while avoidiny the high cost o~
field studfes. The numerical model can account v transient houndary condi-
tions 3lony the atmospheric bou:dary and therefcire can elizw for ti2 devalo)-

ment &nd decay of & seepage face., In sddition, the modei descirites hystzresis



in the unsaturated hydraulic parameters and uccounts for the compressibility
of th2 entrapped afr prese in the savuratsd zone. Testing cof the moadel
against laboratory resslts and resulls [rom tne Jiteratire tas shown that the
model can 2adequately simu-2.e unsaturated-sat-.rated ficw processes and in par-
ticular, has shown that ine moiel can adeguate'y simulate thz capillery fringe
effect on streanflow jeneration and stream® ow queiity (Abdul and 3illham,

1983).

1.3 Scope and (bje:r:ves

The objective of thic study was to examine the sersitivity of the compo-
nents of lateral discihzi'ge to Lhe stream to variszticn: (e such factors as;
rainfall intensity, surface slope and texture of the taiiings material. Only
homogeneous and f{sotropic tailings material ras to be considered. The
approach taken was:

1. Select a hypothetica® but realistir tranivem mine ix:lings situstion and
specify a number of cross-sectiuns for study. Tas cross-sections were
distinguished from wach otaer by diffirent surface slopes,

2. Sim:'ate the comganents of aterz: 2ischirge for -uch cress-section for
a range of rainfall rates,

3. Use combinations of surfs:e slope ana rainfal?! intensity t5 simulate the
Jateral component of flow through tailing materiais of different tex-

ture.

e s
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2. FINITE ELEMEXT RGOEL

The f'lw aguation used In this study 4s similar to that used by Neuman,
1373 and descrives unsteady fiow of a slightly compressible fluid in a3 verti-
cal co-n-sinate systom (x,z) through an unsaturated.-saturilzeg porcus modium,
The flow equatian can be expressed as:

ks ke o) B+ ks, ke () 3 (v 2 = §F 0ss 4 L)) @
where KSx and KSZ are the saturated hydraulic conductivities im thz x and 2
directiovis vasi2ctively, Kr is the relative hydraulic conducti:ity,]ﬂ is the
pressure nead, 7 the zievation head, andY is zero in the unszturated zone 7nd
ong in th: saturated »one. Ss iz the specific storage and iz definzd as the
voiume of water iastintaneoucly released from storage per unit bu:k volume of
saturat: . soil when the pressure head is lowered by one unit. It physically
reprucents the ircrivse in storage that results from the combined compre:si-
bilities of the porous mediun and the water ft contains, The specific mois-
ture capacity, C{'}, whichk is the sicpe of the moisture content-pressure hkead
curve, pnysically rzpvwcents the {ncrease in storage that vesulis from the
actuai dewatoring of the pores of the porous medivm. The richt hand sid: of
equation 'l) represents the change in storage within the porous medium in 2
giver inl2rval of tima, while the left hand side represents the net fiux
rarsugh e system auring the same time period.

Importan? assumpiions nade in the development of eauzticn (1) are:

aj flyd is Darciang
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b) temperature gradients aznd osmotic and chemical gradients are all aeg-
ligible;

¢} horizontal compressibilities are small cempared to vertical cumpressi-
bilities of the skeleton of the porous medium;

d) the air phase in the unsaturated zone is contirucrs and always in con-
nection with constant external atmospheric prasoure.,

In the unsaturated zone, specific moisture capacity, relative hydraultc
conductivity and moisture u:ntent (&) are functions rf pressure head. As 2
result, these are not single-valued parameters and i1::ir wependence on Y {:
described by functional relationships. This adds consi-‘crably to the diffi-
culty in measuring and specifying the paramaters, and &ise adus consicerably
to the difficulty in solving the flow ernuation in that it is highly non-
1inear. A necessary step in developing a sclution to equation (1) is the
development of accurate and efficient means of representing the hydraciic
parameters,

The moisture content-pressure head relztionship vsed in thic stuc.: was tive
en by van Genuchten (1978) as

1 ol
B =6 * (0s - Gr) { 1’;-1;T“ETTH } 2
where © is the voclumetric water content; 6s and ér are saturaied and restid:al
moisture content vespectively, & and n are curve fitting parameters ¢4 m =
1-1/0.
Equation {2) has been extended in & previcus study {ihiul and Sillher,

1983) to describe hysteresis in the 6(y} ralationship. FRewriting erustiom

(2);
' A 1 __ =~
8= {eg - Bri[ 1+ (ﬂh'wl ] + £y
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When equation (2} <4 used to rerceszrr thz main drying and maia wetti
curves, the curve-fiizing parcmeters 3ar: denotea byaé, fige My andd", n, @
", respectively and £'r und @'s dencte reversal moistere contents., To u
oquation (3) to gen.rate ihe primary scaniing drying curves, the value of @'
which {¢ unique Jior each reversal poit, fi first determined. The oth
parameters fn the ajuation are numerically eqral tc the values of the ma
drying curve parameters and 8'r represeats the residual moisture content. 7
unknown value ¢ t's ucrresponding to each reversal moisture conteat zan

obtained ‘rom:

L]
] - [} ’ {6 - er-:
3 r 1 h‘L_
[ + ‘ld q’u a

(
Similarly, in apolying -quation (3) tr describe the primary wetting scanni
curves, the unknown valuas for 8°'r csrresnieding £ =2ch jeversal woistu

content can be obtained from:

L_._n_ A,
(=, l¥l [fw

(

An expression fer the specific muisture capecity, C(§, fs obtaiued by di

ferentiating eguation (2), giving

J

3
5 . - if {Ge - o A
e e ce{ared § )
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wher2 H = @ . B8r/8s - 8r. The hydraulic conductivity-noisture content rele-
tianship used in this study is of sn exponential form (GiVlham, 1976}:

K(3) =ag t7)
where « »nd g are curve fitting perameters. By trnis relationship, laboratory
vetues o7 K(8) and 6 should plot as a straight line on lcg-iog paper and From
such 2 plot tie slope (8) and inter<ept {a) can be readily determined.

It is generally agreed that on rewetting a porous medium to ‘saturaticn’, a
portion nf the void space will be orcupied by entrapned v'icrete air bubbles.
Gillham (1976} bas oubserved that entr2pped air can cccupy up to 10£ of the
volume of the poreus medium. The compressibility of the air-waier mixture in
the saturatec zcre is much Jarger than that cof water and th> porous medium and
therefore its effect on storage in tie saturated zone €37 be very signivicant.
To accou~t. for the effect on storage of the compressibility uf the air-water
mixte he maisture content 2nd the specific storage terms in equation (1)
are seplecey by the effective moisiure content and effeclive specific storage

and these terns are described by scuations (8) and (9) respectively.

€' = @v + S{n - 8v){i - Patm/P) (a
S's = s(n - 8°) Patase’ (9)
whare 8' = cFfective moisture (untant
S = degree of saturaticn
Y = porosity

putm = stmespheric pressure
$ = poie water pressure

S = effective specific storage

i



The length of the s=epsge face is not kirswn a priori and to account for
changing toundary conditions in numeric:1 wmodel:z is very challenging., in the
model vsed in thic stinly the jeagth of the seepege face is determined at the
eng of each tine step hy; a systemaric rhecking of the hydrauvlic condition at
each node on the atmesphfric boundary, Stacting at tie lowest lacation on the
atmospheric boundary, wirere the sezpage face begins tn propagate, a sequantial
check is made of conditicns at each node. Noces on the atmsspheric boundary
can experience ei:zher constant heaad (Direchlet) o~ 7lux y(deuran) boundary con-
ditions and these conditions car change during the development and de-ay of
the seepage face.

If a node that was :nder negative przssure at the start of a time step has
changed to a conditicrn of 1ero or positive pressure at the end of th2 time
step, then a change in boundary condition, from Neumar te Oirechlet, is imple-
mented. Since the depth of ponding is insignificant in this analysis, ¥ is
set to zero at those ncdes on the atmospheric bouncary that are under Dire-
chlet condition. The chang: to unsatwratec conditiern i35 determired when
jnfiltration is occurring at a rate that is greater than the precipitation
rate and the cerresranding change in boundary condirian, from Direchlet to
Neuman, s implemc.w.ed. The extent ot the geepage face is determined by
checking the constant head ncr.es for negative (outward} tlvacs.

The numerical zanroach taken to quantify the cumpenents of event and pre-
event water in the lateral discharge t> the stream §5 very bisic in that water
that is dischar¢ing thraugh the atmosphu=tt boundary from the medium {s Con-
¢idared tc be pre~-cvant valer while water 1*¥at faiis to enter the porous medi-
um {s consideied tn be event water, For a comprehensive development and

vescription of the uumerici) ajoveximation wné velidatiasn of the flow model

-8 -



used nere, the recder is referred to the AECL Report by Abdul and Gillham

{1983).



3. SIMULATICHS

——

3.1 Iretroduction

The cross-section shown schematically im Figure 1 is %:pical or first-ordar
streans at tailings sites in the E1liot Lake area. Each cross-section has two
components, a rectangular ccuponent ABCD and a triangutar component ADE. The
rectanjular comporent is 3.0 m deep and 8.0 m long and the stream is 0.3 i
wide. The rectz:iaular portion of Figure 1 was used as 2 >azse and by modifying
the trianguiar portion ADE, four cross-sections with surtace stopes of 2, 4, 8§
and 16 degrees were generated. Simulations of lateral discharges through each
of these four cross-sections were conducted for rainfall rates of 0.125; 0.25:
0.50; ..0; 2.0 and 4.0 cm/hr, resulting in 24 simulationc. The tailinge
material was assumed to have homogenecus and isotreni: hydrauwlic proserties
with textural properties similar to those of sandy geo'ugic materials.

The flow domain of Figure 1 was discretized into 2,405 triangula: e emenis
with 1,278 nodes. The spatial mesh in th: iritialiy umnsatura.:d portion of
the domain was made smaller than that in the saturated portiorn because c€ the
highly sensitive nature of moisture content, hydravlic conqustivity and spe-
cific moisture capacity to changes in pressure hzad. In this zone valucs for

x and particuiarly y were not aliowed to exceed .0 cn. Time increments itz
determined within the orngram and was based 70 the rumuar of itavatiozhs

required for a solution in the previous time step.

- 10 -



Two simulations for a rainfall rate of 1 cn/hr and surface slopes of 4° and
8% were carried cut for taitings material with silt-loam hydrogenlcgic proper-
ties. The selection of this materiail proved 1o be difficult beczuse such a
selection depends on the availability of the unsaturated hiydraulic parameters
which are necessary input to tne numerical medel, The Yiterature has very
little of such data and specific data for uiranium tailings n2terials ¢ 3lImost

non-existent.

3.2 Initia) and Bound:iry Condilions

Prior to each simulation, the water table was horizontal and coincident
with the stream bed. Iritialiy, the hydraulic head was I ¢ m throughout the
cross-;ection and the Tiow system was under static hydraulic conditions. The
initial pressure head values at each node within thz flow domain were obtained
by cubtracting the a2levation heads from the corressondin: hydraulic heads at
each node.

The right, left. =zrd bottow boundaries of the cross-sections (Figure 1)
were considered to be inpermeabic to tlow. Throughout tie sizmiztions These
boundaries were under @ zero flux {Neuman) roundary condition,

The bhoundary corditions on the atmospheric baundary were not krown 2
priori. 3Surface saturation during the ;recipitation avent »culd result in
some atmosvhes ic hounvary nodes switching trom Neuwnunm te Direchlet type
boundartes. Similarly, & rever:zal in tr& boundary condiiion =t some atmos-
pheric boundary nodes would occur after the p--.ipitction event. The beoundary
concitions at tha atmorpheril nodes were determinec at the 204 of each time
step by systematically crecking the hydracdii concition 2t each node or this

houndary.

[RUSJUR 4




The atmosphzric boundary nodes that were under a flux boundary condition
were 235signed a flux that was equal to the rainfall rate during the precipita-

tion avent and zero flux after the precipitation avent.

Kesu'*s

s —

)

3.

3.23.1  Clsan, Fedium-to-Fine Sand

The moisture content-pressure head curves used tc describe the medium-fine
taiiing nateria‘s were determined in the lahoratery using 2 ciean medium to
fine sand., Toe n2in drying 2nd main wetting curves are shown in Figure 2. A
saturated hydraciic conductivity of 5x.’-.0"3 cm/sec and & porosity of 0.40 were
used in the simuiatisas.

Referrirg to the main drying curve cf Figure 2, the air entry value of the
porcus meciun i, about -30 cm. In a hydrogeologicail context, ihis indicates
that the edium viould remain saturated vor a distance of about 30 cm above th
water tahle, ¥iih & sn-face slope of 2° the entire atmospharic boundary wil)
bz *nitially saturated while for a surface slope of 4° about 56% of the sur-
face, th: lower portion, wiii be initially saturated. As the surface slope
fncreases a proyresciveiy smaller percentage of the surface material will be
fnitially satur:ited for an inittal water-tadle pousition that 1¢ coincident
with vne stream bed.

Some of the resulss from the 24 simulations are plotted {n Figures 2
throug: &. +vigure 3(2) shows plots of toial and subsurfice discharges for a
rainfall rite of 1.0 em/nr, a rainfall duration of 20 minutes and a surface
siope of 29, Flgure 3{&) shows similar plots for the same rainfall character-

fstics but for ¢ surface slope of 80.

-12 -



The results in Figures 3(a) and 3(b} show that both the tct:zi and zubsur-
face discharges responded imediately to the precipitation event, and that
throughost most of the discharge period, subsurface Cischarge w3s the wain
component of the lateral discharge hydrograpn. In ifncre~sing the suiface
slope by a factor of 2 from 4° to 8°. the total discharge and the subsurface
discharge components decreased frem 10.0 and 3,5 cnsfmin te 4.5 and 3.5
cm3/m1n respectively at the time of peak discharge. At Jeak discharge, sub-
surface discharge made up 78% and 55% of the total dischariz for the 8° 2aa 2°
slopes raspectively.

To irterpret the results of Figures 3(a) and 3(b) one needs tc examine the
ifnitial conditions of the surface materials. Prior tu the rairfall event,
about 56% and 28X of the surface slope #as ~aturated iwt under negative pres-
sure for the 4% 3nd g° slopes respectively. The rapid generation of large
quantities of total and subsurface diccherge can thorefore be ~xplained by the
initial 1ear-stream capillary~-fringe 2one being rapidly converted to a posi-
tive pressure zone resulting in the rapid subsurface fischirge of pre-svent
water to the stream.

The larger tatal and subsurface discharges for the aY siope as compered to
the 8° slope can be explained by the larger initial extent or surface satura.
tion for the 4° siepe. In contrast, the larger percentage of sJbsurface :is.
charge in the peak discharge from the g° slope as tamprred to the 4° slope i«
due to the larger slope providing a stronger hydrsulic gradiert toward the
stream.

The results from ali 24 simulations were used to construct Figure & wafch
shows plots of subsurface discharge (% of peak discnarge) versus rzinfal’ rate

for the four surface slopes and a rainfall durstion of 3G minutes.

-13 -
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Figure 4 shows that at vsery low rzinfall rates (.125cm/hr) and for the geo-
logic domain being considered, total discharge is almost complietely made up of
subsurface discharge a:d that iae peruent of subsurface dixcharge in the peak
totzil discharge is not sensitive to changes in surface siope. A the rainfall
rate increases there :s a general trend cf incr2asing percent of subsurface
discharge with incrzasing surface siope. The results indicate that 1 high
percentage of subsurface dischirge in the geak tctal discharae is favoured at
low rainfall rates and high surface siopes,

Figure 5 shows piusts of peak total discharge versus rainfall rates for the
four surface slcoe. and a rainfall durztion of 230 minutes. The results
reflect the effect i “he initial degree of storag: within th2 syster on the
tctal discharge within the zuration of the rainfall event, The vad sloje rep-
resents the limiting case, where the entire suiface was initially saturatze
and peak discharge was linearly related to ra:nfall rate, Ffor the 4° surface
slope the:e was initially some storage capacity within the flow system ind as
such, peak discharge did not become li-car wit’ vatnfe!l rate until the rain~
fall rate increased *o0 2.0 em/hr, The vecults inditite that for the same ini-
tial conditions and rainfall duration, the peak total dicciiurge decreases with
increasiig surface sjope &s Y result of th: 2zssocivad increzse in sterage
capacity of the medium,

Plots of peak subsurvace discharge versus reinfzli rate are shown in Figure
6 for the four surface slopes and rafnfall durazfon of 30 minutesz, The
result: show thit as jong as the flow s¥i*em rerains transient, peak subsur-
fice discharge tucr2ase: with decerrising -urface sivpe. Fioure 6 shows that
as the rainfa!l rate incrceases, the lowest siope (20) was ths first to reach

steady state conditions., Pris Lo the steady sinte condizion che system with

- 18 -
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the 2° slope had ¢the highest peak subsurface discharge, and at higher rainfall
rates the system with the 2° slope had the highest peak subsurface discharge.

Thevo resuits suggest thet the actual magnitude of subsurface discharge is
determined Ly both the aygraulic gradieni, and the Jateral extent of the seep-
age face, B8e ause of the greater extent of surface saturation for the Yower
slopes, they would have icnger seepage faces and therefore at low rainfall
rates they would generate higher peak subsurface discharge than the higher
slopes. Hewever, 3s rainfall rates are increased, the systems with the lower
slopes will yazch steady ctate conditions and at the same time systems with
steeper slopes will be developing longer seepage faces and stronger hydraulic
gradients directed towi~de the seepage fate, It sees: therefore that in tran-
sient systems the peak subsurface discharge is limited by the iateral extent
of the seepzie face while in steady state systems the hivdraulic grodient (sur-
face slcpa) sctermines the pesk subsurface discharge.

The resulls of Fiqures 4 and 6 show that although the percent of peak sub-
surface discharge in the peak discharge is favoured from high surface slope
and for io» rainfzll rate, this does nct necessarily mean that the peak sube
suriace discharge is favcured by the same combiration of surface slope and

rainfall rate. >

3.3.2 51t Loam Gealugic Msterial

The msisture rontert-pressure head curves and the hydrzulic conductivity-
moisture ccntent relationship 7or the silt Toam fs shown in Figures 73 and b,
respzctively.  These hydraulic paramsters were obtained from Hualem, 1975.
Althoug!. the parameters were determined from measured deta, the extremely rap-
{d geciine in nydraulic consuctivity with decreasing water coatent (Figure 79}

is not ehysizully reasusnabie.  Nevertheless, for the purposes of this siudy,
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Figures 7(a) and 7(b) wer: used to represent the hycriuiic propertizs of the
medium 1in the simulations.

Two simulaticns for a rainfall rate of 1 cm/hr and 3w Fsce stofes of 9
8% were conducted for the silt-loam mater:al. The gec.etry of the porous
mediut and the initial and boundary conditicn for these fwe cimulations wors
similar to those used in the simulations for sandy matvrials.

The 6(y) relationship for the silt loam is quite different Jrom that for
the medium-fine sand in that there fs a more graduel decredse in moistura con-
tent with negative pressu- head for the main drying curve and a siower
increise in pressure head with increasing mcisture 7. thc low pressure hez!)
range of the main wetting curve. Although ti:e capillary fringe extended for
about 20 cm above the water table, the medium was alme<t szii-ated for about
100 ¢n above the water table. A major difference btetween the medium-fine
material and the silt-loam mate-ial is that the silt-loam naterial has a satu-
rated hydraulic conductivity that is over au order of maynitude lower (3x:0'4
cm/sec) than thet of ihe medium-fine material (5x10'3 cm/sec), and, as -sied
above,, the hydraulic conductivity of the silt loam decrz2ases razidly wuith
decreasing moisture content,

The total discharge and subcurface discharge for :tie *two +imulations arc
plotted in Figure Bz and b, The results show that total dischiarge respunc-d
rapidly to the precipitation event and reached a maximum at the time the pre-
cipitatfon event stopped, Further, the rate and maonitud: of the response ¢f
total discharge is similer to that of the medium.-fine «ond matarial with toe
total discharge from the € slope being lower than thet feor the 4% sicpz. 4w
contrast however, subsurvace discharge resporued very sluggishly and way

always dan insignificart component of the total discharge. The caonversion of

- 16 -



the capillary fringe ‘0 & posiiive pressure zone did result in a rapid water-

° sTone tre water tasle irtersected more than 50Y of

table rise and for the 4
the ground surface 3t the iime of peal discharge, dHowever, because of the low
hydraulic conductivity (KS = 3x10'4 cm/ses) the hydraviic gradient was too
small to cause significant discharge through the 4% and 8° siopes and the
total discharge was geinzrated by rain faliing on the saturated surface of the

stream bed and upsispe ¢f the stream.

.17 -



The sim-Jation results from the med.um-fine sand are consistent with the
results f.-.un the laboratory and field experiments conducted previously (Abdul
e&nd G{llham, (1904). The field experiments were conducted at CFB SBorden,
Ontarifo, in mediuvm-fine sand and 2t the Nordic Main, West “Mrm, Uranium Tafi-
ings site. The rcsults show that, unier shallow-water-table conditions, the
capillary fringz caused a rapid and iarge response in the near stream water
table and this response led to the rapid generacion of large quantities of
subsurface and tvotal discliarges.

The resL1t: ¢f this fnvestigation indicate that the actual quantity of sub-
surface Jdischar;e depends on many factors inciuding rainfall rate and duri-
tion, ciface lope, znd Zaxture, However, for the medium-fine sand matarial,
subsurface discharce w2s always a significant component of the total dis-
charge. Within the contost of uranium-tailings maragement, this implies that
largz Geantities of .cntaminants from subsurface sources of medium-texty ‘ed
tailfrys can be exnccted to Le discharged to streams during stormflow events.

The percentage of subsurface discharge in the peak total discharge is
grester a*t low rainfail rates anc¢ for high surface slozes, and therefore dic-
charge from taitings with steep siopes and those experiencing low rainfall
rate can 52 expecied tc have higher concantrations of contaminants than dis-

charg: fruy Yow slcpes that are experiencing high ra{sfall rate.

-18 -
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Subsurface discharge throuyh fine textured tailing wzierie! appears to be
sluggist and to contribute insignificantly to the tota) discharge. Streamfiow
from suzh tailing material will be primarily jenerated oy :zin felling cn the
saturatad stream bed ané areas adjacent to the stream. Un.ers such congitions
it can be expected “hat the contaminants from the shallc. subcurface regions
will be quickly leached cut and the quality o7 strexnfi-w should improve with
time,

The predictions of this study depend strongly on the {y) and K(8) rela.
tfcnchips. This data is almost non-existent €or uran-um {oi)ings and their
measurement requires difficult and time consuming prc-edaures. The need to
develop an adequat: data base for 8(y) and K{@) for 2 .1:9c of uranium tail-
ings material cannot be over-emphasize..

In ceneral, lyvical uranium tailings are in the range of medium-to-fiac
grain size, Aithough Lhe results in this study are very pre’ ‘minary, one con
speculate that streamfiow from these tailings will contzin a significant com-
ponent of subsurface discharge. In that the pore waics ar shallow cepihs s
of pror quality, there 1s reason to suspect that untreated runc:f from seoi.
taflings will contain significant concentrations of ccntaminants, for licg
pericds of time. The ultimzte envirommental effects will of -ourse deoend
significantiy upon the physfcal and chemical processes that occur fn tre
recefving waters. Should the potential effests te considered unacceptedle,
there would be two choices of remedial action. The firit wouid fnvolve the
forg-term treatment of surface waters discharged from the tailings, while
second choice would involve the devetlopment of sucrface desiais that woula mir

finize the disoharge of pdre water to the surface.

-19 -



— ———

) 3 £20 &% ©m &

Kl A =2

vt S vl I v

KE =R

£ L3 =53

=B D

b — e

1(

5. UECCAMZLIATIONS

Many aspect< u: strearnflow genc -atyon from uraoiom 2ailings sites could
not be 21dres:s¢ in this phase 4f the studv primarily because of the
short duratio: of the study and the {nadaquate d=ta pase for the unsatu-
rated hydraulic parzmeters of tafi:irgs. A logical extensisu of the
present wuck snould include the deiermination o7 the @(y) and K(8) rela-
tionships for uranium tailings over a wide renice of texture.

Using the data from (1) additioral simulations similar to those of the

present work shoutd be conducted.

The findings from the numericail «imylatinns <hould h2 examined under

field ccnditions.

a, Selected tailirgs sites with contrastine geometric and hydrogeolo-
gic p-operties shoulcé be I:strumerfed and mpaitored to asvaluate
the s'gnificance of -ontaminant discharge irom zubsurface sources
to surface water.

b. Tive two-dimencional flow mode. should be extended to a flow and
transpovt wodel,  Such i 2xtension will proefde a tool to evalu-
ste the sensi*ivity uf contaminant discharge from subsurface
sources tc surface waters uni:r & range of geomrtric, climatic and

hyirecar0logic conditions.



S I - T 2]

HMY FEE ST K™ WD

7N OETS oy

ks SR - 2o |

M IS NS XYl

|mE ot

RN

6. PEFEREHCES
Abdul, A,S. and Gillham, R.W., Laboratory studies of the effects of
the capillary fringe on streamflow generaticn, Water Resour. Res.,
1984 (in press).

Aodul, A.S. and Giliham, R.W. Field investiga.'un of the effects
of the cepillary fringe nn streamflow generation, Water Resour,
Res., 1924 {in submittal).

pudui, A.S., Gillham, R.H. and Fring, £.0. Significance of the
capillary fringe effect on streamflow gereration and runoff yuali-
ty, Final Report, Atomic Energy of Canada Ltd., Ci2lk River Kuclear
Laboratsries, Chalk River, Ontario, June 1983.

Dlcwes, 5. The influence of the capillary fringe on the gquantity
and nuality of runoff in an inactive Uranium Mill Tailings Impound-
ment. M,5c. Thesis, Dept. of Earth Sciences, Lniversity of Water-
10¢, 1353,

Mualem, Y. 4 ratalogue of the hydraulic properties of unsaturated
soils, U.S.-Israel Binational Science Foundation, Research Project
442, vaiva, Israe), 1976.

Neumzn, S.P. Szturated-unsatyrated seepsgs by ¥inite elements,
Journal of the Hydraulics Division, A.S.C.E., KY 12, 8233.2250,
1973.

-21 -



AGXNOE ELEEFINTS

The authors wish tc thank Ray Carter fo- his assistance in preparing this

report, Mariiyn Bicgoald for typing this maryscript, and Nsdia Bahar for doing

the drafting.

.22 -

N\ B LAY T



. N - . - v
Lo = = - o 51 SN C— —————

Vo
PR

“ngeT L

ey

W, - [

v
[ N

PRECIPITATION
Y Y ¥ v v ¥ v v VE
//
// s
- “'i 0.3 l'ﬂ'*'_ . //"'/ L,
A __— IMTIAL WATER TABLE \ A
’[ ) 4
z w
= wl
m »
2 =
wly
gis 3
A2 wl
im %
3’1; IMPERMEABLE f
Vd 7 T 7 7 7 P 7 7 7 r’d 7 7 7 c
e — ~— 8.0 m o

Figure !. Hyputhetical crass-section

z —i

{variable)




o DRAINAGE CYCLE
g WETTING CYCLE

8s SATURATED VOLUMETRIC WATER CONTENT 0.4
8, RESIDUAL " "

— el O T
! i i i [ i | | ] .lc:,(;
-~ 180 -1€9 - 193 ~ 125 -1G0 ~-80C - 60 - 40 =20 o
h (cm)

Fiqure Z. Wetting ard dra:cing curves for medium-fine sand

R CONTENT)

{VoLuM

8



RR=" em/tr SLOPE = g9
LR EE

(%)
L

o~

(5]
3

- TCTAI. DISCHARGE

(a)
] /\\,\
——
4
/ /

' fe-———SUBSURFACE DISCHARGE

LATERAL DISCHARGE (cmYmin/cm)
o

— £y -

IO 20 30 40 50 €U
TlME (mi-.}

fRe =1 cm/rlr_] SLOME = @°

5;'7_#'7" ‘

4- TOTAL DISCHARGE
1;d

S v s

(b}

LA '_TERAL DISCHARGE
(cmYminsem)

f ""“—'_“SUBSUH"ACF QASCHARL

1

I 22 30 490 SC &0
TikE {min}

Figure 3. Hydrogrephs vor mcdium-€ine sand: {2} surfaze slooe = 4°
b) surface slepe = 8°



Tolh %W WOAR KST BT IR wER CLOe B OEMm S R:GG SRTY NER TRa EDDT Tt Oy OOy

SUBSURFACE DISCHARGE
(% of Peak Lateral Dischargs)

- aanb4

- M Wb O N @©® @ O
S © 9 9 68 99 % ¢
"‘r.l|
)

/

//
. . //

Sadols IWeHLNS SNILIRA

a04 @3ea {1BjULEd SNSAIA 3RABYISLP 3D25.INSGRY 8HEIURIAAG
1

{4grwd) JALVY TIVANIVY

ol

ups Of = NOLAVENG TTMVANIVES

Z
of
oSl




S04

30-

PEAX TOTAL DISCHARGE
{em¥insem)

Figure 5.

RAINFAL.L CURATION » 30 min

RAINFALL RATE (om/he}

Peak total discharge versus rainfail vaie Tor various surface slopes



1

PEAK SUBSUKRFACE DISCHARGE
( cm3/m§n/cm)
H

RAMFALL URATION + 30 emin 4°
-

e e

/,,/ e
- . / 20
-

3-
2-
l-: /
LI T 3 H L v 1 e
o5 l 2 3 4
FAINFALL RATE {em/he
Figure 6. Peak sussurfsra d¢scharge versus rainfall rate for various

surfzze sinpes



G - DRAINAGE CYCLE
0 - WETTING CYCLE
(% = EATURATED VOLUMETRIC WATER CONTENT

8 - RES:IDUAL . « .

b

0.6

@

q;

silt locm /

-0

———— e, A}

- ’/r———'——__—’ as
=02
)
=02
medium - fing sand
=0.}

LR A R B L R LEL B L0 2 It o {1

o)
& =4

NEGATIVE PRESSUR;E {cm)

Figure 7{a}. ¥etting and drzining curves for siit loam and medium-t{ine sand

VOLUMETRIC WATER CONTENT {8)



.0005-

-.00042 - Kgq |

00047
0003+
4
g 00024
-«
~
E
S s
o,
2
*  .oo00!
> -
l‘_"_' 000084
2 q
-
2 L0006«
a -
(=)
z -
Q .
L&)
000044 :
o . '
-l
= ]
L §
i
Q d
>
b o
00002~
- m.
s
"
a
) &
.OOOOl ‘s . 1 4 v: u ooy =)
Gt G2 03 Gea s 08 Y]

Figure 7(b).

VOLUMETRIC WATER CONTENT (&)

Hydraulic conductivity versus water centent fov siit loam



[RR=1 costs | sLOPE= 4°

IRERE
/]

! e yminsem)
e

& 3

- /

i vy

2

< 54 e— - TOTAL HSCHARSGE
(a) .

e 4

J -

<

oz 3+

LA H I.-l
N
ey

\ /SUESLE:&""!‘.C."L CisCHAREZ

'-
|_=-‘ 1 L] L2 t
I0 20 30 40 50 60
TIME \rman!
RR= 1 crm/br SLOPE « B¢

e
w ' ; vy
©
< .. 5

&
3
o 2 4‘]
c £ .
 ° E 3 a——— TOTAL BISCHARGE

ol e; p .
x & 2
(T ~
:; vl /SU&SU&FACE MACHERGE
Y 4 *
“ \ _

uw:? 3 | S v
10 20 40 40 5C &0
TIME {min}

Figure 8. Hysrograwt for sitt loam: E

s} surface slige
b} surface slope

- e



