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RESUME -

Est-ce' que la 'promésse de rédhctibn des 'émissions dc SO, de 50% par les
gOuvernements nord américains peut sufflre a protéger adequatement lcs écosystcmes ;
aquauques et foresners boréaux durant la fontc des ne1ges" En supposant qu une réduction
vde 50% sc tradmt par une rcducnon correspondante de la deposmon sous le couvert 3
forestler et sur le couvert de glace du lac, est-ce sufflsant pour rcd\ure le choc acide
prmtamer et mamtemr le pH des eaux d'un lac ades valeurs supcneur a 6 (seml d‘lmpacts ‘
\blologlqufas; Jeffries et al, 19903 durant la fonte. Etant donné qu'une bonne partie des eaux
~ _de'fori‘tcé arrivant AdansAlels cours d?eaupro?iennent de-.la né}ige se trouvant Suf_lc soi B

forestier, nous devons donc connaitre les interactions entre I'écosystéme forestier et les

-eaux de fonte, avant de pouvoir répondre i cette question .

Lorsque les mferacuons sont connues elles peuvent ére mcorporees dans u'nA
L modelc basé sur des processus phys1ques, qui peut étre ensuite utilisé pour predlrc les
 " effets des différents scénarios de réduction des émissions de SO, sur la qualité de l'eau.
Un tel modele serait un atout car il présenterait I'avantage d'étre facilement transférable
d'ur un bassin 2. l’autre Ce document presente Ies resultats d‘une analyse des snnulatlons
d un tel modele(VSASQl) basée sur les danegs de fontt; pnntanu;re de 1988. Les donnccsv

ont été recueillies au bassin du Lac Laflamme, 3 80 km' au nord de la viué de Québec.’

Le modele VSASQI est constltue de quatre modules: SNOQUAL VSA82 ,
| , S@ILEQ et SHORMIX. Sulte a l'analgfse du premier exercice de simulation, nous pouvens
conclure que les résultats'»sgnt trés prometteurs. Pour améliorer 'lcs prédictions,‘ certains
 processus jusqu'alors. jugés non importants devront 'étre ajoutés aux modules Pour
SNOQUAL; une fois que la simulation aﬁ débuté, on devrait pouvoir ténir cdmptc du
phénoméﬁe de ségrégation des ions qui se produit lors.‘ d’uné péﬁode. de dégel ett rcge»l.x

Pour asshrer_la transportabilité de VSASZ; I'effet du gel sur les prpprié_tés hydrologiques




) du sol et de son effer subséquent sur les voies d'écoulement des eaux de fonte sont a

ajouter. Un module complet décrivant Ies‘pro'_cessds physiques et chimiques du lac devra

fonte du'couvert de glace ainsi Qiie l'effet de I'écoulement sous la glace sur la qualité des

eaux du lac. Pour SOILEQ, il faudra tenir compte de I'écoulement ascendant vertical et

Jatéral a travers les couches de sol . En vue d'améliorer la prédiction de SO42" et du pH,
“l'altération des toches devra étre examinée. Une évaluation adéquatedes performances de
* SHORMIX nécessitera une simulation de l'ensemble du bassin versant du lac.

f

)

aussi étre ajouté 2 VSAS2 pour simuler adéquétement l'effet des processus de gel et de .

f l‘alg'drith'mc' d'absorption de SO42- devra étre modifié 4et: le besoin | d'iﬁciure T'effet de
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“ (b1olog1cal threshold; Jeffries et al, 1990) dunng snowmelt. Since part of the snowpack is .

ABSTRACT

K

50% sufflc1ent to protect adequately the boreal forested and aquanc ecosystem’s dunng '

A snowmelt'? Assummg that a 50% reductron in SOg emission. is translated in a

RO

correspondmg reductlon in deposmon under the forest canopy and on the lake ice cover, is .

it enough to reduce the- Spnng ac1d shock and maintain the pH lake waters above 6

situated under,the forest canopy, we need to know- the interactlonS' between the forest

“ecosystem and the snowmelt waters, before we can-answer the question -above.

' model which can be further used to predtct the effect of different scenarios of SOz ermssron ,

{

Once these i 1nteracnons are known, they can be incorporated in a physrcally based

N

 reduction on water quahty. Such a model wo,uld be a valuable asset because it would be

E

easily transportable from one watershed to the other.-This paper presentsthe results of the

simulation analysis of such a model (VSASQL) based on the data collected during the -

spring of 1988 at the Lac Laflamme watershed, 80 km north of Quebec City.

The model VSASQI is made up of four modules: SNOQUAL, V‘SP;S2, SOILEQ

and SHORMIX. Following the analysis of the first simulation run, we can conclude that

" the results are p‘romising To improve the predictions, certain processes previously j‘udged
‘not important will have to be added to the modules For SN OQUAL once the sunulanon

A has started it should take into account the segregauon of ions occurrmg dunng a thawmg

’ and freezing period. To ensure the transportablhty of VSASZ, the effect of freezmg on the

' sorl hydrologlcal propernes and its subsequent effects on ﬂowpaths need to be added. A
complete module snnulann g the phy51ca1 and chermcal processes occurnng to the lake will.

need to be added to VSAS2. This rnodule would srrnulate adequately the_effect of the

vfreezhzg and melting proCesses of t_he:lake ice cover\along with the flow occurring under the
X . : : 3 . .

Is thc North Amerrcan governments pledge of reducm g there SOz emissions by.




‘through the soﬂ layers along with its Iateral movement will need to be added. To i improve

the predlcuon of SO4% and pH ‘the adsorpuon model of 8042' nceds to be modified. The

. -

necessny of mcludmg the effect of mmeral weathermg pprocess should be exammed An

adequate evaluation of SHORMIX decd w111 nccessnate the snnulatlon of the rwholc lake

watershed.

ice on the_lake water quality.. For SOILEQ' the v‘értical upward movement of wéter '




INTRODUCTION .

\

The recent acidification of precipitation (Likens and Butler, 1981) in North

America has given rise to concern on the subsequent acidification of poorly buffered
surface waters and on the 'effects of acid pollutants on forest ecosystems (Morrison 1984).

The greater part of the eastern boreal forest l1es on the Canad1an Shield where the low

‘ m1neral content of the surface waters renders it-them suscept1ble to acidification. In

' add1t1on the forest soils of this reg1on are generally thin and under the influence of ac1d1c

pollutants may suffer from accelerated leach1ng of base cations (Cronan et al 1978) or the

mh1b1t1on of b1olog1cal act1v1ty (Stroo and Alexander, 1986)

’

Much of the precipitation,on this region is -in,the form of snow which covers the

ground for 5-8 months of 'the year. The rapid release during spring time of strong acids

'accumulated during the mid- w1nter perlod by the snowpack can lead to high ac1d1ty values:A

in surface waters and concom1tant stress cond1t1ons for the aquatic biota (Dnscoll et al

'1980).

The spring acid stress can compromise the survival of fish populations when it

" interferes with individuals at different stage of their life cycle and particularly the fries and

N

the young classes of population. Several factors can affect the résponse of populations to

the acid Stress. Besides the biotic and abiotic natural variables which affect the initial state
of the populanons other factors 11ke the presence of organ1c matter ac1d1ty, concentratlon

_in- alurmmum calc1um sodium are considered 1mportant in the response of populat1ons to

the dcid stress.’

\
I

interstitial waters (sediments) and the ambient (lakes, streams, rivers) Water_s.; The critical

' During their life cycle, fish populations live in two different types of media; the

v



conditions in these media should determine the response of entire fish populations to the

. springacid stress.

This paper presents the results of the simulation analysrs of a physically-based .
model (VSASQl) based on the data collected dur1ng the spnng of - 1988 at the Lac

Laﬂamme watershed, 80 km north of Quebec City.,

The value of this predictive model will depends onits capacity to correctly predict I

the water quahty evolutron of surface waters during spnngmelt at the sites hav1ng a

strategic role to the fish populatron survrval : | o
STUDY SITE..

" The research site is located on the lac Laflamme basin which is an upland first

" order watérshed (470N, 710W) situated 80 km north of Quebec City (F_igure 1). Tt covers.
68 ha of .which 6 .ha are occupied by the llake rand 1 haby a wet"zone at the east end of the

~ lake. The watershed altitudes range from 777 to 864 m(above sea level) and the slopes |
. vary from 0 to 30%. The lac Laflamme watershed wh1ch is part of the Foret Montmorency

‘ Expenmental Station of Unlversne Laval i$ characterlzed by a climate with-an average

annual mean temperature of 0.20C. The average annual prec1p1tatlon is 1424 mm of which

one thud.falls as snow. accumulatlng toa depth.of 150 cm. The average monthly mean. -

temperature varies from -15:20C in January to {4.80C in July.

The basin is covered by the balsam fir-white b1rch forest type (Rowe 1972)

growrng on an orthic humo femc podzol (Jurdant and Bernier, 1965). The forest stand

o con51sts of 80% balsam fir (Ables balsame (L) M111.),-10% white birch (Betula papyrifera

Marsh.) and 10% white 'spr.uce (Picea g lauca (Moench) Voss) 50-70 years old, averaging
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- Measurements -

I'e

5 OOO stems per hectare (Plamondon et al 1984) The mmeral soil is covered by an =
2 organtc layer of about lO crn (Martel 1983) matnly composed of mOsses (Hylocgm

Sp., Shagnum sp ) The oldest stands (50-70 years old) cover 60% of the terresmal part of

<

the basm and are mamly located w1th1n a 200 m band around the lake The young stands '

-(10 30 years) establtshed on chabhs are srtuated at altrtudes above 800 m(above sea level) -
and represent 40% of the stands area. The percentage of defohatton reached 20.to 70% of

- the total foltage dependtng on-the stands (Plamondon et al., 1984) durtng the peak of the

spruce budworrn (Chortstgneura fumtferana Clem) eprdemtc between 1975 and 1984

' Smce then, the trees havc kept thelr foliage. 'Ihe 1mperv1ous chamocktttc gnetss bedrock i 1s

: 'overlarn by a sandy till rich i in cobbles and boulders w1th a depth varying from O 5 m on the

rtdge to over 15 m under the lake (Jurdant and Bermer 1965; Robttatlle and thhemy,

: 1981) The soil hydrologlc properttes (saturated hydraulic conductrvny, porosxty, bulk - |

’ densny) of different soil layers are gtven in Prévost et al 1990) The average permeabthty [

of the deep deposrts has been estlmated to be between 5 cm hr'1 (Barry etal., 1988) and

15cm hr 1 (Bernter et al,, 1983) and the mean res1dence time for the lake water is around

~

two«months. The 1nstantan_eous dtscharge from the lake yaned from 0.003 to 0.79_4 tn3 3'1_,

~for the 1985 to 1987 period (Prévost et al., 1990))..

MATERIALS AND METHODS

. The watershed was subdivided into 9 sub-basins (Figure 2), in each of which two .
vor three snow samplmg stanons were placed at dtfferent altrtudes The data (snow water

‘ equrvalent and depth) were collected wnh a "Western Snow Conference snow -Core

RS ' VAN e
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.sampler In each station, the volurnetnc soil llqmd—water content was also measured at 10,
20, 40 and 8() cm depth w1th the ttme domain reﬂectometry (tdr) technique (Stem and '
'.Kane, 1983 Prevost et al 1989) Two 33 cm length stamless steel rods, 5 cm |apart,
were insefted honzo_ntally‘tn‘ the so1l and ,,connec,t_e(d toa coaxral cal_)le. In rocky situations,
to minimize‘ slte pertur.batlon the soil remo:'ed to ln‘sertlthe rods was put back' in such a
way io reconsutute the original profrle The dielectric constant of the sorl was obtained :
wrth a reﬂectorneter (T ektronrc tnodel 1502) and related to its rnorsture content Snow and
soil moisture data were collected e\{_ery two to seven'days in March, April and May 1988.
Nitrogen bubble systems were used to rn‘easure water yield at a Parshall flurne located at ‘the -
laketdischarge, and to rnonltor lake uzater level,chang‘es., 'Precipitation.,data ‘were ohtained

with a tipping bucket raingage at Station 24, situated ina clearing of 150 m in diameter. .

At about 50 meters from the lake shore in station Cl,a small mterrmttent stream
was gauged continuously with a V- notch weir and water qualrty samples were taken Two:
tnbutanes located in sub -basin E were also added to gather water qualtty data The

‘mtersuual water and the water 20 cm above the lake bottom were also collec/ted at two

‘ | spawning grounds.

Sub-basin C was chosen as the intensiVe site.- The instrurnentation was.installed’"
along a transect frorn statron Cl toa spawnmg site- about 10 m from the lake shore (Figure
3). Premprtanon chermstry was ccllected wrth a Sangamo near the. small SNOW, lysrmeters ,
A1r temperature was. monitored with therrmstors connected to a data acqutsmon system
(Campbell Screnuﬁc CR 21) at station C1, located under the forest canopy. The snow“ |

Vwater equrvalent was estunated from 9 samplrng pomts The water quality data of the

snowpack were also taken from three sites near station C1. Water outflow at the bottom of
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N
'the SNOW COVer was collected at station C1 with a 20 m2 lysimeter. Four squared shape

small lys1meters (1m2) were installed to collect water quahty data. Two of these smalll
lys1meters were installed in the/open while the third one was ina sem1-open area and the
fourth in a closed area. Meltwater samples representlng the 1ntegrated sample of all
. _meltwater d1scharges over 24 hours wereftaken at mldday every day Groundwater levels
were measured along a transect perpendlcular to the lake shore, ‘in sub-basin C. Near the _
: shore about 5 m 1nland four plezometers were 1nstalled dunng the fall of 1987 to gather
' water quallty data and water levels. They were installed at the same depths as the tdr

probes i.e at 10, 20 40 and 80 cm depths Four piezometers were also’ 1nstalled about 15

m inland : at the bottom of sub-basin D and at the same depths.

| For all the water samples the followrng chemtcal and phys1cal parameters were
measured pH conduct1v1ty, total monomeric- Al Al complexes Ca2+ Cl EC F H
K+, Mg2+ Na+ N Hy*, NO3 SO42' All samples were kept at 0°C dunng transport to,
“the laboratory, pH and conduct1v1ty measurements were taken on arrival and the samples .
. ﬁltered and conserved for further chermcal analysls (Jones, 1987) |
" METHODOLOGY .

- * Description -of 'th_e different modules

Presently, there are four modules which form the 1ntegrated model (Flgure 4).
SNOQUAL is the snow quahty and quantlty module wh1ch s1mulates the meltlng of the
snow arid the leachmg of the different chemlcal constituents from the snow. VSASZ a
watershed model constitutes the core-of the model It routes the water from the sorl'
surface into the d1fferent soil honzons and down to the water table to ﬁnally end up in the

' lake. SOILEQ the soil chem1stry module calculates the water chermstry changes dunng its

N
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- was run for segment C only.

. SNOQUAL

14

travel from the bottom of the snowpack down to the lake or streams The output of these

WO modules serve as the mput for SHORMIX SHORMIX calculates the water qualtty
changes occumng 1n the lake or streams as.a result of water cornmg from different seurces
: - and mixing with the water already present Because the two vertﬁcanon sites for SOlLEQ |

and SHORMIX were etther in or near segment C, the simulation of the mtegrated model v

SNOQUAL is a conceptual module that relates the quantity of meltwater released

from the snowpack to the chemical composmon of the meltwater dtscharge The structure

of the module consrsts of two components Theﬁrst, SNOW-17 (Anderson, 1973),

‘ srmulates the rate of meltwater dtscharge from the estimation of energy exchange across the

snow-air interface. It has been validated quite mtensrvely w1th lysrmeter data (Roberge et

al., 1988) The values atmbuted to the . major and minor parameters of the module are
based on the work of Roberge et al 1988 and Prevost et al. 1990. S1nce snowmelt water
release at the bottorn of the snowpaek varies accordtng to aspect and elevatlon on the Lac

Laflamme basm (Prevost et al. 1989), SNOW 17 gives snowmelt rates for the four

drfferent topographrc zones (Prevost et al. 1990). The basin is dtvrded in two aspects,

North and South, which are further divided in upper and lower parts of the slopes. For the

lake portion, the melt rate factors for the’ lower parts are utilized The second component '

takes the output from SNOW-17 and calculates the concentration of ions in each discrete

~ 'drscharge by a routine which is derived from a, or two ﬁrst order leachrng expressmn (s)' ‘

for the soluble spec1es from the snowpack It 1s based on the physical concept of the
leachrng of solubles from the pack matrix by a d1rmmshmg reserve of ice meltwaters The

parameter for the rate of leachmg isa leachmg coefﬂ01ent "k (Foster 1978) A flowchart




'198?, Jones et;al._, 1986, Stein et al. 1986 and Jones et al., 1990. -

15

of the 'model‘ise presented in Figure 5. For more details the reader is referred to Jones, -

i

E A variant of the chemrcal module (SNOQUALR) has been used in the 1rltegrated .

" modél. ‘The value of the leachmg coeff1c1ent represents the net leaching effect of solubles

© from the pack the snow and orgamc matter belng lumped together However, 1n this

/

B partrcular module the materlal to be removed from the snowpack is segregated into two

components The ﬁrst component consrsts of concentrated solunons of ionic specres on the

: surfaces of snow ‘grams. The segreganon and concentratron of ionic solutrons on the
_ surfaces of the grains is known to occur dunng the rnetamorphrsm of snow crystals to
. grams pnor to the melt season (Tranter etal., 1986). This process, however leaves some

of the ions as a residual component of the original composrtron of the SnOw crystals wrthm

the ice lattlce structure of the snow gratns

N

Presently, the qualrtanve algorithm of the SNOQUAL module cannot take into

account the effect of new precrprtatlon (ram Or Snow) once the sxmulauon has started

hecause it does not allow the stratification to occur. Therefore we have ]omed a.

component that can add to the snowpack, the chefnistry of the new precipitation.

SNOQUALR, in its present state can be regartiecl as a development tool to sim.ulate'

Satisfactorily the accumulation of precipitation between snowmelt periods. -

|
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o

. The \;a)lues of k and R for the following ions: Cl", F-, Mg2+, K+, Ca2+, le1+
e.md'jAl3"“ have been set to the avérage of the kand R for the ions H*, NO3-, $O,2- and
. I;THcif bcéause th‘é” snow doc‘s not have chromatograbhi{: préperties(Hewitt et ak, 1989).
The electric cp’ndnctivity was dctemﬁnéd following an er'npiricai relationship using the 1988

data:

N

EC 009[H+}+034[NO3]+024[SO42} W

where [ } concentratxon in pmol 11
EC electrical conductivity in umho-cm'l

The 2 is eqﬂallto 0.994 and the data points are plotted in Figure 6.

| . The simulated c«umulativc‘dischar‘gés are calculated from the daily melt obtained

from station C1. The snow water equivalent of the snowpack at the start of the simulation -

is the é\)cragé of sta’ﬁon Al BI, C1 and D1 (Figufe 2)' The initial pollutant cdncemr’atioﬁs
present in the snowpack are calculated from the measurements taken at three s1tcs near C1.
The obscrvcd cumulative dxscharges are calculated from the average of the dally melts from
4 Eymmcters installed under different forest openings and norrnahzed using the total ’

cumulative mmulatcd,melt Thc average obscrved daﬂy concentrauon is calculatcd by

dividing the total load of pollutants by the total volume of dally melt from the four

. lysimeters.
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"VSAS2
) A

‘ The hyérologtcal sxmuiator VSAS2is based on the physrcal processes govermng

e -

water mo\\iement in a basm “The - input data ‘necessary to use VSASZ are surftcral
topography, geometry of deposit‘ soil hydrodynamie properties (saturated hy‘draulio
conduct1v1ty, water retentton curve, unsaturated conductlwty curve, total porosny) and

water mput to the soil surface There are no ad]ustment parameters mcluded in VSA82

-

since it is totally based on basin and soil physical properues. The model predicts water
' outflow and soil water content, layer by layer for all sub-bas‘ihs and a hydrograph for the
R - entire basin. - . A '

The basm must be subdwrded into sub basins (segments) accordmg to the

i

, ‘ topography and 5011 types (Flgure 2); these segments are subrmtted 1ndependently to the

- simulator: it is assumed that there is no water flow between segments. 'VSAS2 represents

each segment tridimensionally and subdivides it into characteristic soil layers and

‘

increments paralleling the stream to form volumetric units called elements, for which

5 horizorttal ahd' vertical -Components of water flow are comp‘utedt Each soil element
occupies the total width of a segment: The key éomponents of 1K./S'AS2 'are the geometric
3 ‘ representatton of the basin, the varlabie slope mcrementauon and the mamtenance of
mathematical accuracy in hydrologrcally sensrtwe source areas (Bermer, 1985) There is’

_no provision in the model to. calculate the effect of soil freezmg, on soil hydrologic

. properties.

‘The ma)timum soil freeii_ng depth for three winter years(1985',86,87)k does not

exceed about 40-60 cm in the Lac Laflamme basin (Prevost et al., 1989) and the lowest

-grouhd temperature reoorded is -1.3°C.. Knowing that the saturated hydraulic cohductivity

of the soil layer 0-60 cm deep at room temperature being greater than 267 mm h-1; it was .
4 felt that the snowmelt arriving on the soil at a maximum rate of 5 mm hr-! (melt + rain)
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observed during the 1982 to 1986 Springs should not have any problem to infrltrate in the

ground We also knew from water levels measurements (Roberge and Plamondon 1987) |

that the snowmeit did not seem to have any- problem to mﬁltrate It was believed that even

_ though concrete frost existed in the watershed it was not a w1despread phenomenon

(Roberge and Plamondon, 1987, Prevost et al 1990) Prevost et al., 1990 showed after a

first snnulatron effort w1th VSAS2, that peak flows were underestrmated ‘Because VSAS2 ‘

does not’ take into account sorl freezmg effects on soil hydrologlc propertles they

hypothesrzed that as the snowmelt proceeds concrete frost develops locally at the soil

 surface due to subfreezmg night temperatures lowers the soil. hydrauhc conductl\uty and -

induces surface flow. The fraction of bare ground was used as an mdex (snow cover areal

extent factor)to the decrease of infiltration capacity on  the basin. The propornon of bare -

areas generated by SNOW 17 were treated as 1rnperv10us areas When'the propomon

[

reached 85% it was assumed that the 8011 had thawed_ The mclusron of this mdex strongly >

1mproved the srmulanon of peak flows (Prevost et al 1990). The same 1ndex was used in

VSASQL. : | D

More details aboutzthe model are grven 1n Bermer (1985) and Prévost et al.

‘ (1990) A snnphﬁed ﬂowchan along wrth the mput parameters and output is presented in

Figure 7.
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Fig. 7: Flowchart'of VSAS2: watershed module
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also e1ther consumes or releases I—I+ to the so11 solution. As pH changes the speciation of

entertng the surface layer was assumed to reach equthbrturn thhtn one time step (24 h) and

o factor was given the-chermstry of waters flowmg through the orgamc surface layer. A

- simplified ﬂowchart‘ofv this module is presented in Figure 8

 SOILEQ =
When water enters the 5011 honzon under cons1deranon there 1s a mtxmg of old

pore water, already in equthbnurn with the soil, and the new’ water This new mixture 1s _ o - ;

norrnally out of equthbrtum in terms of Al3f activity with respect to the soil solunon pH |

and in terms of base cation and Al3+ activities with respect to the exchange complex. Thev

rnodel allows Al (OH); to prec1p1tate releasmg H"' and decreasmg A3+ in solution. The

model then allows an adjustment in CEC to correspond to the new soil solutton pH Wthh

Al changes; the reactions of Al with ‘OH; ‘wrll also havea direct effect on H* activity:.

Ftnally the equdtbrla between ‘the activities of base cations and Al3+ in solutton ,
and absorbed on the exchange complex are calculated Stnce each of these steps affects
each of the others, the mathematlcai solutton is deterrmned by recalculattng the steps :

1terat1ve1y until the equthbnum condmon has been found. . - - R

' Th_e soil proﬁle ‘v&as'divided int_o"4 layers based on chemical and hydrological

characteristics (hydraulic conductivity, and porosity): the organic surface layer 5 t010cm : ‘ ﬂj
thick, and three mineral layers, 30, 40, and greater than 40 cm thick corresponding to Ae \
Bhf and th Bf and BC and C hortzons respect1vely (Soil Survey Staff 1975) Water

A

thlS calculated water chermstry became the i 1nput chenustry for the next lower layer at the

start.of the next time step. The surface runoff generated by the snow cover areal extent
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INPUT o

SOILEXCHANGE || amty ait rriens MELTWATERS.
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|  RECALCULATE EOUlLlBRlUM'i ) |
- _CONDITIONS -
“ACCOUNT FOR ION EXCHANGE WITH )
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| . NEXT SOIL HORIZON

'Fig. 8: Flowchart of SOILEQ: soil solution mixing and exchange module




SHORMIX

) ) .
The model (Frgure 9) 1s a relattvely s1mple chermcal equ1l1br1um model for Al

aqueous complexes of OH F, and SO4 Alummum spec1at10n with these complexes is
calculated .using the stability . constants given by Nordstrom et al (1984) (Table 1).

Thermodynamrc calculanons are corrected for the effects of temperature using the vant

~Hoff equation and act1v1ty coefftc1ents usmg ‘the Debye- Huckel approxrmanon (Lmdsay

979) with ion strength estimated from electncal conduct1v1ty (mrlhmhos cm"2) using a

\

multtpher factor of 0. 018 (Lmdsay 1979) lnput parameters are water temperature, pH

partial pressure of C02 in water, morgamc mONOmeEric alurmnum total fluoride, sulphate,

,electncal conduct1v1ty, and volumes of the water to be m1xed The model equilibrates each

water source separately, in terms of H activity, by usmg gibbsite thermodynamlc values to
calculate total amount of dlssolved Al present in the water. The water sources and the total

1on concentranons of the various Al specres are then rmxed accordmg to the relatrve

: Avolumes the alumlnum specres and H recalculated 1terat1vely until minimal change occurs ,
' ~As the pH changes the spet:1at10n of Al changes and the resultin g reactions of Al wrth OH,

'F and. SO42 hgands change which in turn have a direct effect upon the H‘*‘ activity. The .

vmathematleal solutron is then deterrmned by an 1terat1ve process..

| SHORMIX utilizes 6 inputs provided by the integration of SO[LEQ and VSAS2.

The first one is the water released from the snowpack on the ice 1tself the chetm su'y is the
: same as the chemistry of snowmelt. The second one is the snowmelt water whrch runs at

the sorl surface having the chemlstry of SOll layer one»and«ls calculated usmg\the snow

cover areal- extent factor The thlrd fourth, ﬁfth and sixth one are waters that are ﬂowmg '
-

in’ sorl layer 1, 2, 3 and 4 as calculated by VSAS2 and have the chemlstry as calculated by

A SOILEQ We consrder the sediments of the lake do not to alter the chemlstry of layer 4.

[ 3
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u]e

for mixing with next timestep.
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Tabie 1. fhénﬁodynanﬁc\data used in thAe“S“HORMIX model ch'uilibriumv calculations.
- Reaction g log K**.
1. ARy H0. - VAI(OH)2++H+‘” } -4.9537\
2 AJ3;‘+A2HQOv = A!(OH)Q"”‘_}.‘?H”" 41013
3. AB+43H0 - = | 1»At§OH)3O;SH+ | ',"-‘1V6_..')'6- " i
4. AB*L4H0 = ,A!(OH}4'+4Hf 2216 )
5. ABFLF. - AR 6.98
6. ABti2F = AFpt 12.60
7. 'Al34.+.‘3F‘ ' o AIFg0 16.55 o
8. ABt44F = AFg 19.03 | |
.9.   ABHLSO2 = AISOt 301
10, A|3+‘§,23942- = AISOg)2" 4.98
AI(OH)3 ‘(\S) = ABB+4+30H . | nat'u?ax gibb;site'i_

dissociation constant for gibbsite = 8.5

HpCO3 . = H*+HCO3',pK = 7.81
_**K= Stability constant - : |

e e 1




A The prograni uses tne free i_on activities of the Al-éompiexes ,fo ealcuiate. the Saturatien state
of the solution w,mi respect to gibbsite; If tne solution is super saturated ther Al is allowed
tc_)‘prec'init_ate thus releasing H* and decreasing Al3‘*‘ in solution. Itis assnfned }tha; n;selid .
phase Al is avéiléble for diSSleing if vthe solution is undefsaturz{ted. The model uses the

‘

‘following assumptions: -
1. the stability constants and selectivity coefficients remain constant over time
. and the selectivity coefficients are independent of pH; and ,

2. the system attains equilibrium during each time step.
RESULTS AND DISCUSSION - S Ty

For the fn-st simulation exercise, the four modules were put together and the only
exogenous vanables necessary to run the model were the pre<:1p1tanon and air temperature
Naturally the initial conditions of the state vanables, e.g. total concentranon of ,dlfferent

ions in the: snowpack and the rate vanables (e g soil hydrauhc conductmty) were
. ‘prov1ded when necessary Flnally the geomemc features of the simulated system like

7

segment area, number of soil layers, etc., ‘were also glven.

The output of each module is then compared with field measurenlents; It should

' ibe emphas1zed here that the 1ntegrated model was run once only and the results presented
‘ o |

are from that ﬁrst run .

N ’
i
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SNOQUAL o

Thc snnulated snowmelt along w1th the cumulanve dlscharge of the ly51meter for |

. >

season 1988 is presemed in Fxgure 10 The 1988 meltmg season can be d1v1ded in two

periods. The flI'St one starts-on the 22“d of March and ends on April the 15t relcasmg 145

‘mm of cumulanve snowmelt + + rain. It is followed by a cold penod that lasts until April

22“‘1 Durmg this pcnod 50 mm of snow water equwalent falls on the snowpack. The.
.second melt penod starts slowly on Apnl 23vd and is followed by a marked increase in
: snowmelt on May 2nd, It ends the 24‘*1 of May rcleasmg 320 mm of cumulauve snowmelt~ o IR
. and rain. The variation in conccntrauon of the different ions (Al Ca?+, CI', F-; Ht, K+,
M g2+ Nat, NH4+, N03 , SO42 ) and conducnvny of the mcltwaters durmg the
spnngmclt are presentcd from Flgurc 11 to 22 respecuvely o .
In general thc simulations are qune good éxcept for. EC and F.
'Ihe dlffercnces bctween thc observed and simulated values of the cumulauive dlschargc are ‘.
someurnes dlvergcnt w1th nme (Ca2+ F‘ K+, a+, SO42') or constant (Al, Cl ,JHt, IR
MgZ+, NH4*, NO3™). The overesumation of the ol)served values (N a+ ‘CI, Fr, Mgz*v" :- L '
NH4+) are split cvenly with the underesumauon of the observed ones(Ca2+ K+ 50,47, _ ; |
‘Ht, NO3 ): Except for Al; CI and Na* all the simulated i ions conccntrauon are '
undercsnmated drasucally when the observed cumulative dlscharge 1ncreased from 163t0
213 mm ( April 234lrd to May 3rd), The theoretical model used to model the 1each1ng of
pollutants from the snowpack does not take i into c0n51derat10n the seggregatlon effects
occurrmg in the ~snowpack at the surface of snow crystals durmg cold penods once the
melting period has started. Thercforc it can not simulate these events prOperly The small

j

increase in concentranon is probably related to the meltmg of anew layer of snow (80 mm

ﬁ’ .

of SWE) that fell between April 15th and April 30,
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and simulated by VSASO1 in segment C
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Anotherdiscrepaney is observed' for Al, Ca2“' Cl-, EC, H“' K+, 'Mg2+ when the

cumulatlve dlscharge reaches 382 mm The s1mu1ated snowcower concentratons are much

vhlgher than the observed values However from the response of meltwater dumng this
period, it seems that the peak should have occurred when the cumulauve dlscharge reached
406 mm {:insteiad‘. Had we \u's‘.ed the dates for the abcissa instead of. the cumulative
discharge,d'the peales'_would not have such an apparent Ieg, wé 'beheve)that the lag is
cauSed by cumulative errors between simulated and observed values of dailty discharges. If
-We had used the dates the whole. srmulated curve would Shlft to the nght and the results

would look better as a whole.

Consndermg the dxfferences in eoncentrauon between the 4 lysrmeters (due to

spatlal vanabhty) and the probable effect of segregatlon dunng cold penods then - the .

results of SN OQUALR are excellent However, fundarnental research is needed SO that the
‘ ‘leaehmg coefﬁcrents can be prechcted instead of measured 'Iheoretxcal work is also needed

to mclude into the model the segregatlon effects of ions resultmg from refreezmg once the

melting penod has started. For the quantitative aspects, melt factors will need to be found

’

for the lake surface snowcover.




- change in the mmulated dxscharge until the hydrauhc conductmty was Iowered to 0. 08

 VSAS2

Sensitivity analysis" |

A sensitivity analysis was perforrf.l,ed on the hydraulie Conductiyity and'vthe depth
of depesits. The ’analysis wés done on segmenut C. The simulated enowmelt is presented
“for this segment and the expected discharge is obtained by multiplying the observed
dlscharge at the lake exxt by the percentage of the whole basm occupied: by segment C.
During this. sensxtmty analy31s the snow cover areal extent factor was tumed off The:

' hydrauhc conduenvny of layer 2 (Flgure 23) was vaned and as can be seen there 1S no

cm- hr- As to the depth of deposus (Fxgpre 24), as soon as you increase the dep‘osxtv Ty

thickness by 50%, a reduction in peak flow is observed.

X

Water Balance

- The water balance for the entire snowmelt season as calcdlate’d,by the model is
given by the following formula: o

1
7

P=E+AS+AL+R © @
where P = VPrecipigation ('ivncluding rai}l, snow and snowmelt)

E = ‘Evaporation ‘ , | |

AS- = Change of water volume in the-soil

AL = Change of water volume in the lake

R = Runoffat the lake outlet

The values found in m3 were

281864 = 0 + (688152 - 547655) + (21984 - 19806) + 140258
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' Thereva;‘)orution was. neglected and the error for the whole b‘alance 15 0.4%. The

daily discharge of the whole watershed is presented in Figure 25. AAs can be seen, the

srmulated values are overesnmated m ‘the first part of the melt 1 e. the first 170 mnt of melt )

whlle it is underestrmated the last 30 mm of the 410 mm 1nput to the 5011 W1th the

mciusmn of the SHOW cover areal extent factor (Prévost et al., 1990) to the rnodel the

surface runoff (1 e snowmelt not entenng the mmeral matnx) was equal to 56% of total

streamﬂow for the whole watershed Maule and Stein (1990) found for an. mterﬂow ;
stream using two tracers methods, a surface runoff value of 47% for the same basm and

snowmelt event. If the model is' to be transporta‘ble, a module calculaung the effect of soil -

freezing on so‘il hydrologic properties need to be added.
: SOILE}Q"

The resu‘fts Vfor-the following different ions (Al, Cva2‘+, Cl-, F, K+, Mg2+, N at;

NH,*, NOgT pH, SO,2-) are presented. in Figure 26 through 36 respectively. 'Hoﬁzons 1, |

2 3 and 4 stand for the layers between 0- 10 10-40, 40-80 and >80cm respecuvely The

observed results presented are orzgmatmg from two nests of plezometers near the shore
~ onein segment C and the other in segment D (Figure 2). From figure 26 the simulation of

Al for the four layers are greatly underesnmated it is even zero for layer 1. For Ca?+, K’r

Cl-, Mg2+ Nat, 3042‘ ions; generally it simulates a decrease of values for honzon 1, 2

and 3 from the begmmng of melt to the end as the observed values. For hOI‘lZOH 4 it
: s1mulates an increase from the begmnmg to the end while the observed values stay more or
| less constant. In general the srmulauons values are not far from the observed ones. Inthe

case of Fﬁ the results are ,good at the begmnmg of the season but at the end of the season an’

increase is observed while the predicted. values show a decrease. For NO3~ and pH, the °

results are good for horizon 3 and 4. For NH,*, the simulations are not better than Al and
the link between the observed and simulated value is hard to find.
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The‘ ﬁrst version of SOILEQ that VSA_SQl is using,_ assumed that the water flow
isonly vertical. If the water flow is upward ‘it uses the snowmelt\chemikstry as the input to
- the lowest horrzon instead of the chemtstry of deep groundwater as it should have nsed If
_the. water flow as sunulated by VSASZ is Eateral then SOILEQ can not take i 1t into account m“'

the srmulatton Dunng the 1n1t1a1 days of the melt periods, the observed values of pH are

'qutte low (4. 2) at the 10 cm level but the srmulated values is much hlgher (5. 3) It is

AN

- partly caused by the predrctron of SO4 concentratton Some 1mprovernents are needed

"wherem adsorbed SO4 is cons1dered as a form of adsorbed acidity. If SO, desorbs as a
' result of deereasrng concentration in the 1nput waters then thlS wrll result in an acrdrﬁcattonl
of the s011 solution.. In general the model does not look responsrve to abrupt changes in
-water quallty Some of thts does not orrgtnate solely from SOILEQ but also from
| , SNOQUALR For example when the second melt period starts on Aprtl 23rd there isa
major ﬂux\ of ions out of the snowpack i mto the soil as observed for every measured ions. .
 SOILEQ does not simulate this inerease: because SNOQUALR does ot provide him with

the right input. This is especlal‘ly'n‘uefor Ca2+~ H*, K, Mglv+ NH4+ ‘N03-‘ and SO42- |

Another problem when comparmg the snnulatlons wrth the observed values is the

-

N representanveness of the ﬁeld samphng point. For example, if your samplmg stanon 1s

plaeed‘where there 1S no upward verttcal flow and you use it to compare srrnulauon results
with upward vertical flow, the results will not agree. This is clearly 'shown n part B of
Torr'te v (Hen'dershdt ‘1990)‘ These'simulations alsovshow that up to a eerrajn point it will -

| be hard to 1mprove the sorl chermstry predtcttons 1f we can not model the hydrology

* L

~ adequately and if we. do not have sufﬁcrent field data'to compare the sxmulanons




 SHORMIX

The simulation re‘sultsﬁforbthe following variables: ‘Al Cdz**, Cl, EC, F-» K*,

~Na+ Mg2+ NH4+ NO3" pH, SO4% are presented in Figure‘~‘37 through 48 respec‘tiﬂvely :

- Observations of water quahty of site C and D show that the two sites agree quite closely for

some variables like CI, EC, NH4+ F, pH, 8042 or they do not hke for Al-, K+ NO3 ,

For the other 1ons Ca2+ Na+ Mg2+ they agree closely untrl the 13th of Apnl then,

although they follow the same patterns the dxfferences are larger The model can simulate’

"adequately the tendencres for the followmg vanables Ca2+ CI, EC, K"’ Na+ Mg2+

NH4+, NO3 . From May 2nd to may 11% which is the period where a massive pulse of

‘melt occur, the simulution of SO42- (Figure 48) and Al (Figure 37) reaches a minimum .

while the pH (Figure 47) reaches a maxxmum Except for SO4 , the observed values - -

show the opposrte trend for the same period.

;

The snowmelt rates of the first melt penod decrease drasucally from the 6‘h to the- a

13Lh of Apnl (Floure 24) During this perlod the snowmelt waters released are qmte pure

- as shown by the observed values of all ions be51des pHand Al". The simulations do not

reproduce such minimum because of two unknowns. First, we do not know the volurrxe of

lake waters, input waters »are mlxmg with. Secondly, we do not know the rate of

replacernent of initial lake waters and its quality near the sampling sites. For this first

~ simulation, we used a volume of 826 m3 and the rate of replacement of rhis volume was

lowered to 100 m3(Append1x 1h) and 20 m? (Appenduc 2) in the case of Cl and it 1mproved
_ the.‘srmulauons tremendously. A sensxtwrty analysm of SHORMIX model (Maulé,
Hendershor and Stein, 1990) showed that the input variables which have the largest effect

on the output pH are pH, RCQ% Al and volume of wster, with pH and pCO‘2 hdving the
| largest effects. The problem with pCO? is thar lt was not measured and dconstent value
- was utilized. A decrease 'ivn pCO? by an order‘ of magnitude during lake ice-off in
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Fig.40: Values of EC in the ambiant waters above the spawning sites m
: segment C ( ) and D(e)as snmulated by VSASQ1 :




[F-] (umole/l)

¢
4 "
. )
1.0 - X
’ O
’
. . .
\‘ r)
]
‘- 4
L ]
' '
LI [
. * 1
p ‘ 4
[y .
054 RN
' [
; - [y ¢ -
. 1 N\ .
S
: ~
004 _ .
. B s e e e | BEAASE SNS an as s Ty ) BELASE S s as ¢ [Ty B e e —————— Ty T

- Fig.41: Concentratton of F- in the ambiarit waters above the spawnmg snes in’
- segment C@m)andD (e ) as simulated by VSASO1

B3 3003 06047 1304 2004 T4 0405 105 IR0S

¥

$9




“[iv(-i-]'(nmble[l‘) |

2303 3003
Fig.42:

——r——p—r———r— T T Y Ty Yy r—r———————l

0604 1304 2004 2004 0405 105 1805

Concentratlon of K+ in the ambrant waters above the spawmng snes in
segment C (o) and D ( o) as snmulated by VSASQ1
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-springmelt the ;')CO2 (Nortoh and Henriksen, 1983) or the alkalinity (Lac Laflamme -
Papmeau, 1987) can drop by about an order of magmtude wnhm one week, due to

degassmg of supersaturated waters. Thus the use of a constant pCO2 value in the "

a A-SHORMIX model hkely poorly simulated the probablc ﬂuctuatlons that occurred with Iarge‘ - !

. amounts of snowmclt.
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APPENDIX




-

0-

ececee SIMULATED

L2

“ 2/3103'\‘ 3003 0604 1304 -20/04'- ‘27/0? 04/05

Appendix 1: Concentration of CI- in the-ambiant waters above the spawning sites insegment

C as simulated by VSASQ1 and using a lake volume of 1

00 m3
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Appendix 2: Cbncenfratio‘n of CI- in the. ambiant waters above the spawning sites in
segment C as simulated by VSASQI and using a lake volume of 20 m?3
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