
Swface-subsufface Transport Cycle of Chionde 
Induced by Wetland-focused Groundwater Recharge 

Masaki Hayashi 

A thesis 
presented to the University of Waterloo 

in Milment of the 
thesis requirement for the degree of 

Doctor of Philosophy 
in 

Earth Sciences 

Waterloo, Ontario, Canada, 1996 

O Masaki Hayashi, 1996 



National Library 1 4  Of,,, 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

The author bas granteâ a non- 
excIusive licence allowing the 
National LiIbracy of Canada to 
reproduce, loan, dküi'bute or sell 
copies of bis/her thesis by any merms 
and in any fonn or format, making 
this thesis available to interested 
perse*- 

The author retamS ownership of the 
copyright m Wer thesis. Neither 
the thesis nor subsbntiaI extracg 
fkom it may be p ~ t e d  or otherwke 
reproduced with the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque donale  du Canada de 
npaoduirr,pr2ter, cIistci'buerou 
vendre des copies de sa th&* de 
plque  manière et sous quelw 
forme que ce soit pour mettre des 
exemplaires de cette thèse B la 
disposition des persornes int&est&es. 

L'auteur coaserve la propriété du 
droit d'auteur qui protége sa thèse. Ni 
la @se ni des extraits substantieis de 
celleci ne doivent être miprimés ou 
autrement nproduits sans son 



The University of Waterloo requires that the signature of aü persons using or photocopying this 
thesis. Please sign below, and give address and date. 

iii 



ABSTRACT 

Surface-subsurface transport cycle of cidoride induced by wetland- 
focused groundwater recharge 

The glacial plain in the northern prairie region has numemus wetlands. These wetlands 
provide wildlife habitat, and particuiarly those located at relatively high elevatim are the major 
source ofgmundwater recharge. Our field site in southern Saskatchewan is located in a typical 
northem prairie landscape. One of the main hydrologie connections between the recharge 
wetland and the surromding f m  land is the large snowmelt runoff resulting fiom low 
Uifiiltration capacity of the fiozen soil. In the spring the, a large volume of water is transferred 
fiom the slope to the wetland, and infiltrates to fom a groundwater moud below the wetland. 
This, in tum, induces the subsurfàce flow h m  the wetland to the dope. Most of the infiltration 
in the wetland is coosumed by evapotranspiration in the surroundhg siope; however, a small 
portion recharges the 25-rn deep aqwfer. Little net infsltration occurs into the slope because the 
average flow direction in the vadose zone is upward; therefore, groundwater recharge is 
focused below the wetland. The large infiltration leaches chloride &om the sediments below 
the wetland. Most of the chloride is transported to the slope by subsurface flow, and 
accumulates in the root zone during evapotranspiration. The accumulated chlonde is leached 
again by snowmelt nmoff and is transporteci to the wetland via overland flow; therefore, 
chlonde is cycled between the wetland and the slope. A small portion of chloride leached under 
the wetland is transported down to the @fer and eventually leaves the catchment. A 

numencal model that incorporates both surface and subsurface transport processes observed in 
the field shows that the output of chloride to the aquifer becornes balanceci with the 
atmospherk input on the order of i d  years. The model aiso shows that the average chloride 
concentration in the groundwater entering the aquifer is roughly equal to that in shaliow 
groundwater under the wetland. The product of this concentration and groundwater recharge 
must be equal to the atmospheric input which is monitored at many locations iii North 
America Therefore, we can estimate groundwater recharge fkom the concentration of chloride 
in shailow groundwater under recharge wetlands. This method is best suited to estimate the 
average recharge over an entire catchment, which is diffi.cult to estimate fmm spane 
rneasurernents of the hydraulic gradient and hydrauiic conductivity. The water and mass 
transfer characteristics of a wetland will be dnimatically altered, if an artificial stress is applied 
to the system. For example, the drainage of the wetland wiil stop the divergent subsurface flow. 
As a result, the dissolved species wili accumulate in the wetland, and the groundwater recharge 
WU be reduced. Therefore, the impact of drainage and other land-use practices must be 
carefully evaluated before implementation. 
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Chapter 1 

Introduction 

This thesis is about a wetland in the northern prairie region of Canada where countless 
similar wetlands occupy the depressions in the undulating terrain created by the 1s t  glaciation. 
The wetlands are important to this region, because they support a diverse community of 
wildlife, and recharge the groundwater in underlying aquifers. However, the destruction of a 
large number of wetlands in the 1st  several decades to increase the crop production raised 
public conceins about the fihue of the wildiife and water resources in the region (Batt et al., 
1989; Winter, 1989). 

The prediction about the fuhw of the wetlands and its inhabitants can only be based on 
sound scientific studies. The Wetland Ecosystem Vulnerability Studies (WEVS) was started by 
the Environment Canada to understand the effects of land-use and climate change on the 
hydrology and ecosystem of the wetiands. As one of many participants of WEVS, 1 undertook 
a small project to investigate the transfer of water and dissolved chernicals between wetlands 
and the surrounding fm lands. 

There have been many studies on the hydrology of the northern prairie weilands. Many of 
them focused on quantifhg the amount of water tramferrd between the wetlands and the 
surroundhg area (Meyboom, 1966; Sloan, 1972; Zebarth et al., 1989; Woo and Rowsell, 1993; 
and others). However, it is difficult to represent the heterogeneous sudace and subsurface 
environment of the wetland by a s m d  number of hydrologic measurements. Therefore, the 
extrapolation of the hydrologic data needs to be examined careftlly by some independent 
measurements. 

Distribution of dissolved mass in both the d a c e  and submrface environments of the 
wetlands and the surrou11ding area reflects the flow of water averaged over a long time p e n d  
Previous studies have shown tbat the concentration of dissolved species in the wetland is an 
effective indicator of groundwater recharge or discharge condition (Rozkowski, 1967; Lissey, 
1968; Miller et ai., 1985; LaBaugh et al., 1987; and others). However, those studies were 
mostly descriptive, and the dissolved species were not used to quantify the water and mass 
transfer between the wetlands and the surroundhg area 

in this thesis, the hydrologic measurements and the analysis of dissolved mass distribution 
are combined to improve the accuracy of the estimate of water and mass transfer flux between 
the wetland and the surroundhg dope. Using the improved estirnate, a numerical mode1 of the 
hydrology and solute transport in a system of a wetland and its catchment is constructeci, which 
can be used to answer questions regarding the response of the system to changes in hydrologic 
conditions. 



The thesis coasists of three separate papers, each of which has more detailed 
introduction to the respective subjects than this short chaptet. The first paper (Chapter 2) 
describes the hydrologic interaction between the wetland and the surmunding dope using the 

hydrologic measurements. Chapter 3 uses chloride as a tracer to confinn the hdings in 
Chapter 2, as weU as to understand the processes of solute transport. Chapter 4 presents the 
numencai mode1 of the wetland-dope system which is basad on the detailed field studies 
presented in earlier chapters. Detailed idionnation on the field instruments and uninterpreted 
data are attachai as  the appendices. 
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Chapter 2 

Hydtologic cycle and focused gromdwater recharge in a northem 
prairie wetland 

Introduction 

The lanciscape of the northem prairie region of North America is characterized by 
undulating terrain with a large number of seasod and semipermanent wetlands which support 
a diverse cornmunity of wildlife spaies. These wetlands are calleci sloughs in Canada and 
prairie potholes in the United States. The number of wetlands has decreased dramatically in the 
1st several decades due to drainage by f m e r s  (Leitch, 1989). This has raised some concem 
about the funue ofthe wiidlife that depend on the wetlands (Batt et al., 1989). In addition to 
being the habitat of wildlife, the wetlaads are also important as water resources (Wimter, 1989), 
because groundwater recharge in the northem prairie region occurs primarily from the wetlands 
(Zebarth et al., 1989). 

A hydrological study of a wetland, Le. a study of quality and quantity of water, requires 
evaluation of the transfer of water and dissolved mass between the wetland and the underlying 
geological material. nie interaction between the suiface and subsurface water is particularly 
important for the northern prairie wetlaads that do not usuaiiy have infiow and outfiow 
streams. The average direction of water transfer between the northem prairie wetlands and the 
underlying material reflects the lanàscape setting. Wetlands that have net idiitmtion of water 
are usually located in the elevated areas of the undulating terrain, and are cornrnoniy cded 
'?recharge wetlands" (Lissey, 1968). WetIands in the low area generaiiy have net exfiltration, 
and are calied "discharge wetlands". One c m  usuaüy, though not always, distinguish the 
former ftom the latter based on vegetation and saiinity of water in the wetlands. The recharge 
wetlands supply groundwater to aquifers in the region, as well as to the discharge wetlands that 
are hydradicaliy connected through local groundwater systerns. Therefore, we wili focus on 
the recharge wetlands in this study. 

Large amount of infiltration in the recharge wetlands drives the subsurface flow system 
under the wetiands and the sunounding dopes. The downward flow is 'Tocuseci" in the 
wetland, while the divergent flow distniutes the water fiom the wetland to the surrounding 
slopes (Meyboom, 1966b; Lissey, 1968; Sloan, 1972; Miller et al., 1985; Mills and Zwarich, 
1986; LaBaugh et al., 1987; Trudell, 1994). 

Infiltration in the recharge wetlands occurs because the wetlands receive a large amount of 
snowmelt runoff fiom the surrounding slope. The soi1 fiost in the cold winter in the northem 



prairie region reduces the infiltration capacity during the snowmelt period and generates 
snowmelt m o f f  into wetiands in the spring (Woo and Winter, 1993). Major overlmd flow 
generally occurs only in the snowmelt period (Wim and RowseiI, 1993; Winter and 
Rosenberry, 1995), and the water level in the wetlands d e r  the spring snowmelt is essentially 
controlied by precipitatiou, evapotranspiraîion, and idiitration. 

Traditionally, the subdbce Oow has been evaluated by measuring water levels in 
piezometers under the wetlands and the slopes (e.g. Zebarth et al., 1989). Such methods are 
prone to emr due to the s m d  number ofmeasurements used to represent the heterogeneous 
subsurface environment. On the other band, the fluctuation of water ievel in the wetland 
indicates the combined rate of precipitation, evapotrauspiration, infiltration, and hence 
"integrates" the heterogeneous hydrology of the wetland and the dope (Winter and Rosenberry, 
1995). To separate each process controlling the wethd water level, some researchers assumed 
without clear field evidence that the infIItration rate was constant over a time period of days to 
weeks (Eisedohr, 1966; Shjeflo, 1968; Woo and Rowsell; 1993). However, Meyboom (1967) 
recorded a large change in the infiltration rate (3.5 mm d-l) between the &y and night. This 
controversy over the infiltration rate needs to be resolved. 

The function of recharge wetiands c m  be more fully understood when al1 major 
components of hydrologic cycle in both wetlaads and surrounding slopes are descnbed. This 
paper is a part of a broader study which aims to descnie the hydrologic and solute transport 
cycle in a wetiand-dope system, and then to mode1 those processes in a geological time scale. 
The results of a four-year long hydrologic study of a wetiand in Saskatchewan, Canada is 
presented The objective of the study is to descnie each component of hydrologic cycle, and to 
estimate the rate of water transfer among the components, which will be required in modelling 
of the wetland-dope system. 

Field site 

The study site is located in the St. Denis National Wildlife Area (106°06'W, 52OO2'N), 50 
km east of Saskatoon, Saskatchewan, Canada (Fig. 2.1). The elevation of the St. Denis area 
ranges between 545 and 560 m above mean sea level. The topography of the area is descnbed 
as moderately rolling knob-and-kettle moraine with slopes varying h m  10 to 15 % (Miller et 
al., 1985). Relaîively large wetlands (up to 50000 m2) occur in lowlaads with native vegetation 
(indicated as untilled grassland and shmbs in Fig. 2.1). The wetlands in the lowlands typicaily 
have water with high (XSOO pslcm) electrical conductivity tbroughout the year. The high 
electrical conductivity is an indication of groundwater discharge conditions, because it reflects 
high concentration of dissolved solid transpoaed by gmmdwater into the wetlands (Sloan, 
1972; LaBaugh et al., 1987). Surrounded by the lowlands are cultivateci and tame grass uplands 



that have a number of s m d  wetlands. These wetlands have seasonal bodies of water that are 
Iow in electncal conductivity (400 @/cm) indicafing groundwater recharge conditions. 

We selected a recharge wetland, identifid as S 109 by the C d a n  Widlife SeMce, for a 
detailed field study. It has an average size (1oOe5000 m2) of recharge wetiands in the no* 
prairie region, and is situated in a typicai prairie setting; unddating terrain underlain by glacial 
till. Therefore, it serves as a representative of the pundwater recharge wetlanàs in this region. 
S i OS and other wetlands along the transect AB (Fig. 2.1) were previously studied (Miller, 
1983; Miller et al., 1985). and part of their field fxilities were available for our work. The 
vegetation in the wetland is characterized by sedge, spike rush, and other aquatic species, while 
silver willow, trembling aspen, and balsam poplar grow along the wetland margin. Similar 
wetland margin vegetation was cded  a ' W o w  ring" by Meyboom (1966% b). The willow 
ring and the adjacent grassiand mark the transition h m  the wetland to the cultivated field, 
which was cropped to spring wheat in 1993 and 1994, summer fdowed in 1995, and cropped 
to oil seeds in 1996. 

In this study, the tenn "wetiand" refers to a topographie depression characterized by aquatic 
vegetation, while the term "pond" refers to the inundated portion of the wetland (Fig. 2.2). The 
term "slope" is used to denote the area surroundhg the wetland, which uicludes both the 
cultivated field and the wiliow ring. Accordingly, the wetland of S 109 is defined as the region 
enclosed by the 552.5 m elevation contour (Fig. 2.3), and has an area o f  2400 m'. The 
catchment of S 109 cannot be uniquely defined because the runoff water may ovedow fiom 
adjacent small depressions in years of large snowmeit, hence two catchment boundaries are 
shown in Figure 2.3. The boundary of the smaller catchment is based on eievation contours, 
while the Iarger catchment includes the adjacent small depressions The ambiguity of the 
catchrnent area is a comrnon characteristic of undulathtg terrain in the northem prairie region. 
In this study the area ofthe smaller catchment (24000 m2) is used in water balance calculations. 
This choice is justified considering a large uncertainty in the actuai size of the effective 
catchrnent. 

According to Miller (1983), the area is underlain by glacial till of the Battieford and Floral 
Formations (Fig. 2.4). This was confirmeci by the drilling program associated with the current 
study. However, the boundary between the two formations was not clear, hence is not indicated 
in Figure 2.4. In some areas the glacial tiii is overiain by up to 2 m of stratified silty sediments. 
The average texture of the till is 45% sand, 30% silt, and 25% clay (Miller et ai., 1985). The till 
is oxidized to a depth of 5-6 m (oxidation front) and is olive brown and weil-fhctured. n ie  
fiacture spacing in a typical oxidized till in this region is 0300.8 m (Keiler et ai., 1988). The 
unoxidized tiii below the oxidation fkont is da& gray and less ktured.  Thin (O. 1- 1 .O m) sand 
lenses occur fiequently in the tiil, but they appear to be discontiauous. A thin (0.3 m) but 
extensive layer of dense clay occurs below S 109 at a depth of 8-9 m. A thicker (> 1 -5 m) sand 
layer is found at a depth of 25 m in two deep bore holes near S 109 and another wetland S 125s 



(Fig. 2.4). A sand layer at a similar depth and thichiess is also found in a bore hole located 
1500 m west of the site, hence it is regardai as an aquifêr that comects gmundwater flow 
systems under ai i  wetlanâs in the  am^ 

The 30-year annual mean air temperature at Saskatoon Airport is 1.7 OC, with a range of 50 
OC which peaks in late July and reaches a minimum in Ianuazy (Woo and Rowseil, 1993). The 
area becomes covered by snow in November; therefore, we define a hydrologic year to start on 
November 1 of the preceding calendar year and end on October 3 1. A hydrologic year consists 
of a winter (November - March) and a summer (April - October); for exarnple the winter of 
1994 starts in November L 993. The 90-year mean annual precipitaîion in Saskatoon is 360 mm, 
of which 84 mm occurs in winter mostiy as snow (Atmosphenc Environment Service, 1996). 
The annual lake evaporation in this area is 690-710 mm (Morton, 1983), based on the data 
fiom the Last Mountain Lake, located 100 km south-east of the study site. 

A part of the wetland S 109 becomes inundated in the spring of most years. The Canadian 
Wildlife Service (CWS) has been recording the presence or absence of surface water in the 
center of S 109 on a two-week interval since 1980 (Woo et ai., 1993; Bob Clark, personal 
communication). The length of inundation of S 109 is defined as the number of months for 
which water is present in the center. It varied between O and 8 months in the period 1980-1996 
with an average of 3 -6 months. The precipitation during this period had considerable variation 
(Fig. 2.5). The correlation between the summer precipitation and the length of inundation is 
insignificant (the square of the correlation coefficient 8 = 0.06), while the correlation between 
the snowmelt and the length of inundation wili be descnied later. 

Field and laboratory methods 

Survey methoh 

The site was level m e y e d  on 5-10 m grid using a total station (Wild, TZOOO), and a 
topographie map was producecl (Fig. 2.3). The relationships between the volume of water in the 
pond and the depth of water in the pond (volume-depth function), and between the area of pond 
and the depth (area-depth fûnction) for S109 were obtained h m  the survey data 

Precipiration, evoporation. andpond water I d  
Summer precipitation in the hydrologic years 19941996 was measured by a tipping bucket 

rain gauge installed near the willow ring (indicated as WRG in Fig. 2.3). The rain gauge was 
located at large enough distance fhm the wülow ring to avoid the influence of the trees. 
Summer precipitation in 1993 and winter precipitation in 1993- 1996 were obtained fiom the 
Saskatoon Airport, 50 km West of the site (Atmosphenc Environment Service, 1996). Snow 
depth was measured dong a norih-south transect (CD in Fig. 2.3) using a 61 mm diameter 



aiuminum snow survey tube. Snow water equivalent was calculateci by measuring the volume 
of each snow sample upon melting. 

nie water level in the pond in 1994 was monitored using a Stevens F-type chart recorder. 
The water level in 1995 and 1996 was monitored using a pressure transducer (Geokon, 
4SOOALV-5) placed in the bottom of a 3.8 cm diameter stilhg weil, drilleà 1.8 m into 
sediments to avoid temperature fluctuation. A transducer reacling was taken every two minutes 
and averaged over a 30-minute interval using a data logger (Campbell Scientific, CRIO). 
Hydrographs on Stevens recorder chiuts were digitized. Each hydrograph was traced ten times 
on a digitizer tablet, and the average was used to esthate the water level at 30 minute 
intervals. This procedrue was used to eliminate the mors due to irregular movement of the 
cursor on the tablet- 

Evaporation fiom the pond water surface was measured with a partidy submerged Class-A 
pan in the center of the pond. Only the top 5-10 cm of 25 cm deep pan was kept above the pond 
water level, and the pan water temperature and pond water temperature were monitored by 
theesters (Campbell Scientific, 107) and a data logger (Campbell Scientific, CR21X) to 
confirm that thermal equilibrium was rnaintained The pan water level was rnonitored ushg a 
Stevens F-type chart recorder. 

The evapotranspiration in the pond was measiaed using the Bowen ratio-energy balance 
method with a Campbell ScientSc Bowen Ratio System (Malek and Bingham, 1993) in the 
center of the pond. In this method the terrns on the lefi hand side of the energy balance 
equation are measured or estirnatecl: 

Rn +Gd +AQ, +AQ, = H t L E  (2-1) 
where Rn (J m") is the net radiation in a given tirne penod, Gsed (J m-?) is the heat conduction 
through the top 0.4 m of the pond bottom sediments, AQw (J m-') is the heat storage change in 
the water, AQsed is the heat storage change in the top 0.4 m of the sediments, H(J m-') is the 
sensible heat transfer into the atmosphere, LE (J ni2) is the latent heat transfer into the 
atmosphere. The t e m  on the right hand side are unhown, but the ratio HILE can be estimated 
fiom the measurements of humidity and temperature gradient in the boundary layer, hence we 
can calculate each term. 

The energy balance was applied on a daily basis to minimize the emr in estimating AQ,,,, as 
well as to avoid unfavorable conditions that may occur if shorter intervals are used (Ohmura, 
1982). The Rn was measured with a net diorneter (Radiation & Energy Balance Systems, 
Q*7). The temperature gradient was measwd with chromel-constantan themiocouples 
(Campbell Scientific). The humidity gradient was measured by a cooled mirror system 
(Campbell Scientific). The detail of these measurements can be found in Malek and Bingham 
(1 993). The AQw was estimated nom temperature difference and the average depth of water, 
while A& was assurned to be negligible because temperature difference between days was 



srnail. The Gsed was estimated fiom the average thermal gradient measured by themiisters at 
depths of O. lm and 0.4m into the sedimentî. The thermal diffusivity of the pond sediments (2.7 
x IO-' mZ s-') was estimated by analyzing the amplitude and phase lag of the d i d  
temperature fluctuation at the two depths (Hiuel, 1980, p.304). The heat capacity per unit 
volume of the sediments (3.7 x lo6 J m'3 K-') was estimated h m  the measured water, mineral, 
and organic matter content of sediment sarnples and the specific heat of the three components 
listed by Hilie1 (1980, p.161). 

Groundivater 
Miller (1983) installed 20 piezometers and water table monitoring weils in 1980 (numbered 

f?om 1 to 20 in Fig. 23). In addition, we installeci 14 piezometers in October, 1993, and four 
other piezometers and wells at various times between 1993 and 1994. Miller's piezometers 
were made of 3.2 cm inside diameter PVC pipes and installeci in 15 cm diameter holes. Sand 
packs, 0.7-1 -9 m in length, were installed around screens and were sealed by bentonite pellets 
and clay to the d a c e .  Most of the new piezometers were made of 1.3 cm inside diameter 
polyethylene tubes, while some were made of 2.4 to 5.2 cm inside diarneter PVC pipes to 
house pressure transducers. The new piezometers were installai in 15 cm diameter holes drilled 
by a solid-stem auger. Sand packs, 0.7-3.6 m in length, were installeci around screens and the 
bore holes were sealed by bentonite pellets and chips to the surface. Up to three piezometers 
were instaiied in a single hole. The new water table monitoring welis were made of 4 cm inside 
diameter PVC pipe, and were instailed in the bore holes driIied by smaller size (5 to 10 cm 
diameter) augers. The holes for the weUs were med with sand to the surface. 

The length of piezometer screens varied between 0.2 and 0.4 m. In glacial tills that have 
low hydraulic conductivity, the length of screens is not important. It is the length and the 
diameter of sand packs that determines the response of piezometers. Longer sand packs were 
used in deeper piezometers to easure reasonably quick response. The basic time lag (Hvorslev, 
195 1) for most piezometers was within 50 hours, with exception of a few of MiUer's 
piezometers installed in low hydraulic conductivity zones. The detailed information related to 
the individual piezometers, such as elevation, depth, sand pack length, and basic tirne lag is 
found in Appendix B. 

Al1 piezometers were monitored manuaily at one week to one month intervals. A few 
piezometers were continuously monitored by viirating wire pressure tramducers and a data 
logger. Saturated hydraulic conductivity was calculateci fiom the basic t h e  lag, measured by 
standard slug tests performed on the piezometers. 

Vadose zone 
Tensiometers were constructed fiom 23 mm diameter standard porous cups (Soi1 

Measurement Systems, SP-03 1), PVC pipes, and acrylic tubes (Martheler et al., 1983; Cassel 



and Klute, 1986). They were iastaiied by creating access holes, slightly larger in diameter than 
the porous cups, with a soil sampler and inserthg them into a siurry made of in-situ r n a t e ~ b .  
They were f led with deaerated water and m e a d  with a hand-held pressure transducer (Soil 
Measurement Systems, SW-030). Twenty tensiometers were instaiied in three nests (indicated 
as TOP, MID, and WRG in Fig. 2.3) at depths ranging h m  0.2 m to 2.0 m. ui addition to 
measuring the soil matric potentid, the tensiometers were also used to measure unsaturated 
hydraulic conductivity (Gardner, 1960; Appendix A). 

Soil moisture content was monitored using t h e  domain reflectometry (TDR). TDR probes 
were made of a pair of stainless steel rods (diameter 6 4  mm, spacing 50 mm). Probes longer 
than 50 cm were covered with PVC pipes (outside diameter 13 mm) leaving only the bottom 20 
cm exposed to the soil to avoid conductive loss of the signal in sahe soil. The idea of using 
PVC to cover the rods is similar to the method proposed by Topp and Davis (1985). The PVC- 
cased probes were inserted into access holes having the same diarneter as the probes to the 
depth just above the proposed monitoring zone. Once the sharp tips of the probes reached the 
bottom of the access holes, they were pounâed 20 cm into the undisturbed soil to ensure direct 
contact between the exposed part of the probes and the soil. Three nests of seven TDR probes 
were installed within 1 rn of the tensiometer nests (TOP, MID, and WRG in Fig. 2.3) at depths 
ranging fioxn 0.1 m to 2.1 m. The apparent dielectric constant, K,, of the soil was detemiined 
by analyzing the wave forms obtained by a portable reading unit (Soil Moisture Equipment . 

Corp., 6050x1) using a computer program developed by Redman (1996). Soil moisture content 
was calculated fiom K,, using the formula of Topp et al. (1980). 

Two arrays of seven copper-constantan thennocouples were installed near tensiometer nests 
TOP and WRG at depths ranging nom 0.2 m to 2.0 m. The temperature was measured by a 
portable read out device (Cole-Parmer, 8 528-20). 

Suwey resuZts 
The area-depth and volume-depth fùnctions for the wetland S 109 are given by; 

A = 2sd v=sd2  (2.2) 
where A (m2) is the a r a  of the pond, v (XI?) is the volume of water in the pond, d (m) is the 
depth of the pond, and s (m) is a scaIing fiictor. For S109, s = 1500 m. The matching between 
the field data and the hctions is good (Fig. 2.6). 

Precipitation 
Total and winter precipitation in the hydrologic years 1993-1996 are listed in Table 2.1. As 

mentioned earlier, a hydrologic year starts in November. The total precipitation in 1994, for 
example, is the precipitation occurred between November 1993 and October 1994. 



Sno w accumulah'on 
Snow pack thickness and water equivalent were measured at 20 locations dong the transect 

CD (Fig. 2.3) just before the snow melt period (hhch 3, 1994 and March 13, 1996). The snow 
survey was not conducted in 1995. Dw to the snow drift during the winter, the snow was 
almost absent near the top of the slope in both 1994 iuid 1996. In con- a thick snow pack 
developed in the wetland, particularly dong the willow Nig (Fig. 2.7). Woo and Rowseil 
(1993) reported similar sww accumulation patterns in a wetland located 1500 m West of the 
site. The total snow water equivalent in the catchment is estimated as foilows. We assume that 
the catchment has a circular shape and the snow has radidy symmetric distn'bution in the north 
and south halves ofthe catchrnent (Fig. 2.7). By integrating the snow water equivaient shown 
in the graph, we estimate the total snow water equivalent of 1 6 0  m3 in both 1994 and 1996. 
This volume, divided by the actual catchrnent area 24000 m', gives the average snow water 
equivalent of 66 mm. 

The soi1 temperature near the willow ring never went below O O C  at al1 depths throughout 
the winters of 1994 and 1996 (Fig. 2.84 ody 0.4m and 1 .O m data are shown), indicating the 
effect of themal uisulation by the thick snow pack. The snow depth at WRG site was only 
about 25 cm in 1995, compared to 100 cm in 1994 (Fig. 2.7), and the shallow soil temperature 
went below O O C  (Fig. 2.8d). The soil temperature near the top of the slope went below O OC in 
al1 three winters, suggesting fiozen conditions, and did not completely thaw until May (Fig. 
2.8e). 

Snowmell mnof 
The snowmelt runoff occmed in several phases and lasted for 25-30 days as indicated by 

water level change in the pond in early spring (Fig. 2.8b). Between the early phases of 
snowmelt, the shallow water in the pond completely h z e  up with the sediments. The pond 
sediment did not thaw when the pond water melted in the later snowmelt phases. The similar 
phenornena is common in the norihem prairie region (Woo and Winter, 1993). 

At the end of the snowmelt period the volume of water in the pond, estimated h m  the 
water level, was 1100 m3 in 1994,500 m3 in 1995, and 1100 m3 in 1996. This volume is 
defined as the volume of effective snowmelt moff. The effective snowmeit runoff is 
significantly smaller than the amount of mow in the catchment before the snowmelt started 
(1600 m3 in 1994 and 1996), presumably due to infiltration and evaporation in the slope. The 
effective snowmelt runoff for each year (Table 2.1) is calculated by dividing the volume of 
snowmelt runoff by the area of the catchment. 

Because the snowmelt runoff is highly variable fkom one year to another, the values 
obtained in 19941996 may not represent the average over many years. The pond water level 
was monitored by Saskatchewan Institute of Pedology between 198 1 and 1985 (Warren Eilers, 



personal communication), therefore we cm estimate the effective snowmelt moff  for this 
period. In the time periods 198 1- 1985 and MM-lW6, a positive correlation (2 = 0.84) exists 
between the effective snowmelt =off plus summer precipitation and the length of inundation 
of the wetland (Fig. 2.9). Note that the effective snowmelt ninoff is expresseci as the average 
water depth in the wetland. The average length of inundation in the tirne perioà (1 979-lg96) is 
3.6 months, hence the average of effective snowmelt moff plus summer precipitation in 1979- 
1996 is estimated to be 480 mm (Fig. 2.9). The average nimmer precipitation in this period is 
280 mm; therefore, the average of effkctive snowmelt runoff is 200 mm, or 20 mm averaged 
over the catchent. Therefore, it will be safe to assume 10-30 mm as the range of the effective 
snowmelt runo$ though it is impossible to estimate the statisticai conîidence interval. 

Evapoiranspirution and injltrution in the pond 
The water level in the pond fluctuated during the summer in response to rainfall (Figs. 2.8a 

and 2.8b), but it gradually declined until the pond completely disappeared (October 1994, 
August 1 995). We observed similar patterns in other grotmdwater-recharge wetlands in St. 
Denis area. The loss of water fiom the pond is due to two pmcesses, evapotranspiration and 
infiltration. 

Pond water level declined fast in the afternoon and slow in the morning and eveneing, 
resulting a step-like patterns of water level change (Fig. 2.10b). These pattern were previously 
interpreted as the result of fluctuation in evapotranspiration rate in the pond (Keller et al., 1986; 
Woo and Rowsell, 1993). They assumeci that the evapotranspiration compietely stops at night. 
Such an assurnption is hard to justie because the water in the pond can store the radiation 
energy during the day and release it as the latent heat at night (Assouline and Mahrer, 1993). 
Our preliminary energy balance calculation showed that the diumal fluctuation (Fig. 2. lob) 
was too large to be explaineci by the evaporation alone. 

To directly measure the rate of evaporation, we iastalled a submergeci pan in the pond 
during a two-week period in the summer of 1994, just a few weeks before the pond went dry 

(Fig. 2.8b). The dope in the pan water level cuve indicates the rate of pan evaporation (Fig. 
2.10~). The step-like patterns of the water level in the pan were weaker than that in the pond 
(Fig. 2.10b). When the pan water level change was subtracted h m  the water level change in 
the pond, the tesidual still showed step-iike patterns (Fig. 2.1ûc). To remove the artificial 
noise, we took three segments (two to six days long) of the residual curve that did not have 
precipitation and subtracted the linear declining trend. The resulting water level fhctions were 
Fourier transformeci to remove those fiequency cornponents that had more than eight peaks per 
day. This operation served as a low-pass filter to remove noises. The water level functions were 
then differentiated with respect to time. The derivative of the water level fiinctions was added 
to the linear trend to estimate the infiltration rate (Fig. 2.10d). Even though the noise is still 
present, the distinct peak in mid aftemoon is clearly identified, which indicates the high rate of 



infiltration due to subsurfie water uptake by roots of; a) willow ring, b) vegetation in the non- 
inundated portion of the wetland, c) emergent vegetation withiD the pond. 

The water level in a piezometer in the willow ring (9 in Fig. 2.3) had strong diumal 
fluctuations, hence the difference (Ah) between the piezometer water level and the pond water 
Ievei fiuctuated, too (Fig. 2.1 Oe). The depth of the piezometer is 1.4m, while the basic time lag 
ofthe piezometer is six minutes. Note that the pond water level was higher than the piaometer 
water level, hence the flow direction was b m  the pond to the willow ring. The shoreline of the 
pond was rapidly retreating during the experiment, and the distance between the shore and the 
piezometer increased h m  approximately 15 m to 20 m (Le. 33 % increase). Assuming that the 
change in the distance is relatively srnaü, the hydrauiic gradient between the pond and the 
piezometer is roughly proportional to Ah. The peak in the dimal fluctuation of hydraulic 
gradient occurs after the peak in the infiItration rate (Figs. 2.10d and 2.10e), suggesting that the 
high infiltration in mid afternoon is not induced by the hydraulic head drop in the willow ring. 
The average infiltration rate was nearly constant during the period of the experiment (Fig. 
2.10d), while the hydraulic gradient increased significantly (Fig. 2.10e). Therefore the largest 
consumption of intiltrated water by transpiration was perhaps within the wetland. 

Part of the pond in S 109 had moderate growth of emergent vegetation, which made it 
impossible to separate the effects of the emergent vegetation on infiltration rate fiom those of 
the vegetation outside the pond. The pan measurement was also conducted in the pond in 
another wetland S 120 (Fig. 2.1) that did not have emergent vegetation. The diurnal fluctuation 
in the residual curve in this experiment (Fig. 2.1 1 b) was not caused by the emergent vegetation. 
Because S 120 was simiiar to S 109 except for the absence of the emergent vegetation, it is 
likely that fluctuation in the residual cuve in S 109 (Fig. 2.10~) was not caused by the emergent 
vegetation. 

By elhination, the major consumption of infiltrated water occurs in the non-inundated 
portion of the wetland. This finclhg is sigaificant because it indicates that only a part of the 
UiNtration in the pond leaves the wetland, whiie the rest is evapotranspired within the wethd. 

The average pan evaporation rate was 3 .O mm d*' in S 109, and 3.5 mm d-' in S 120 during 
the period of measurement, which was close to the evapotranspiration rate h m  the ponds 
ob tained by the Bowen ratio-energy balance method (3.4 mm d-' for S 109 and 3.7 mm d-' for 
S 120). Note that these values are smaller than the evaporation rate in July (3.9-5.1 mm 6') 
reported at the Last Mountain Lake, 100 km south-east of the field site (Morton, 1983, p.98). 
Horizontal wind speed measurements during the pan experiments showed that the willow ring 
around the wetlands blocks the wind h m  the surroundhg dopes. It is Iikely, therefore, that the 
rate of evapotranspiration h m  the wetlands is signifîcantly smaller than the rate of 
evapotranspiration that would occur in an infinitely smaii wet d a c e  in the adjacent dry land 
that has the same aibedo and heat storage as the pond water surface. 



The average infiltration rate during the period of measunment was 9.4 mm d-' in S 109 and 
7.3 mm d-' in S 120, which were equal to 76 aud 68 % of the total water loss fiom the 
respective wetland. These ratios represent only a few weeks in which the experiments were 
conducted. However, independent measurements by a chloride mass balance method showed 
that the average ratio of infiltration to total water loss over the entire summer and fd was also 
in the range of70-80 % (Chapter 3). 

Hydraulic property of gluciai till 
Saturated hydraulic conductivity measured by slug tests was on the order of 104 m s-' near 

the sudace, and decreased with depth in the oxiâized till (Fig. 2. L2), except in the piezometers 
that had the sand pack at the depth where sand lenses were found in drilling. In the unoxidized 
till, hydraufic conductivity was on the order of 10-~40-'' m S-'. Similar contrast in hydraulic 
conductiviîy was reported in glacial tiii near Saskatoon (Keiler et al., 1989). They concluded 
that the high hydradic conductivity in the oxidized till was c a w d  by a well-developed 
hcture network, and the low value represented the hydraulic conductivity of the till rnatrix. 
The lowest vaiue at our site is approximately 1 O-' ' m s-' (shaded area in Fig. 2-12), which is 
consistent with the values reported by them. It should be noted that the unoxidized till still has 
the hydraulic conductivity higher than the rnatrix, therefore the fkctures are iikely present, 
though at a lower fiequency, in the unoxidized tili. Similar occurrence of hctures in the 

unoxidized till was reported by Keller et al. (1986). 
Unsaturated hydraulic conductivity was measured for al1 20 temiometers in the fa11 of 

1994, and for most of them in the summer of 1995 (Fig. 2.13). In general, conductivity 
decreased by ordea of magnitude as matric potential head and moisture content decreased. The 
unsahirated conductivity of the deeper soil was lower than that of shallower soil at the same 
matric potential (Fig. 2.13). This difference is Lkely due to the reduction of saturated hydraulic 
conductivity with depth (Fig. 2.12). 

Groundwaterfow 
nie hydraulic head distriiution in the s p ~ g  of 1994 (Fig. 2. Ma) indicates that the 

subsurface flow direction was outward, h m  the wetiand to the slope. Dense contour lines at a 
depth of 8-9 m indicate that vertical flow was impeded by the clay layer (Fig. 2.4). The 
outward flow continueci during the summer (Fig. 2.14b), but the pond became dry and 
horizontal gradients were negligile in the late fidl (Fig. 2.14c). The contours in the vadose 
zone are only shown in Figure 2.14b, because temiorneter readings were only taken in the 
summer and faiI of 1994. The field around the wetland was summer fallowed in 1995. The 
head dismiution in the spring of 1995 was similar to that in 1994, however the water table in 
the slope area kept rising in the summer and the flow direction became inward in the fd (Fig. 
2.I4d). 



The hydrauiic head in the WRG piaometer (23 in Fig. 2.3, depth 1.9m) responded quickly 
to the water level nse in the pond in the spring, and remaineci lower than the pond water level 
in the summer (Fig. 2.8~). Note the c w e  labeled as "pond9' in Figure 2 . 8 ~  was measured in a 
water table monitoring we11(5 in Fig. 2.3) located in the wetland, thus it indicates the 
groundwater table below the wetland. The water level in the TOP piezometer (26 in Fig. 2.3, 
depth 4.7 m) did not respmd to snowmeit until midoMay (Fig. 2.8~). Cornparison of Figures 
2 .8~  and 2.8e shows that the water level nse in the dope starteci when soil thawing was 
complete. The delay in the WRG watcr level in 1995 is perhaps due to the f'reezing condition in 
the shallow soil under the willow ring that only o c c d  in 1995. 

The vertical hydraulic gradient below the clay laye at the WRG and TOP sites was nearly 
constant and downward througbout the year (Fig. 2.15). At the WRG piezometer (25 in Fig. 
2.3) the gradient between the depths of 14.6 m and 2 1.8 m was 0.1 7, while the harmonic mean 
hydraulic conductivity was 6.2 x IO-" m s-'. At the TOP piezometer (27 in Fig. 2.3) the 
gradient between 18.2 m and 21.9 m was 0.26, while the mean conductivity was 1.7 x 10-Io m 
se'. The estimatecl groundwater recharge rates at WRG and TOP sites are 3.3 and 1.4 mm yr- ' , 
respectively. This estimate is sensitive to the value of hydrauiic conductivity, therefore the 
error in estimation is expected to be as large as 100-200 %. 

Vadose zone 

In response to stom events and subsequent penods of evapotranspiration the direction of 
hydraulic gradient changed fiequently in the top one meter of the vadose zone in the slope, but 
the gradient was generally upward in the summer (Figs. 2.14b and 2.15). The gradient was 
consistently upward in the deeper vadose zone, while it was downward below the water table. 
An imaginary plane located at the transition point between the upward and downward gradient 
is called a divergent zero-flux plane (Weiiings and Beli, 1980). The divergent zero-flux plane 
existed at the WRG and TOP sites throughout the summer, indicating that the infiltration fiom 
the surface never went below the root zone (depth of 1-2 m). 

Soi1 moistue content measured at separate depth intervals (O-0.3,0.3-0.5,0.5-0.7,0.7-0.9, 
1.3- 1.5, 1.9-2.1 m) was integrated to calculate total water storage between the surface and 2.1 
m. The moisture content at missing intend, 0.9-1.3 and 1.54.9 m, was estimated by 
interpolation. The water storage in 1994 was maximum in spring and decreased during summer 
at al1 three TDR sites (Fig. 2.16). The steep increase of water storage at TOP site in spring 
indicates thawing, because the TDR method measures Equid water content. The water loss 
between JD 180 and JD 3 10 at WRG, MID, and TOP sites was 110,120, and 110 mm, 
respective1 y. 

The flow direction in the vadose zone under the slope is predominantly vertical, therefore 
the water balance in this zone is given by; 



1 - G - E T = M  (2-3) 
where I is infiltration, G is drainage into the deeper zone, ET is evapotranspiration, and is 
the storage change. The water loss, -AS, h m  the top 2-1 m of till between JD 180 and JD 3 10 
of 1994 was 110-120 mm. The rainfall in this 130-day p e n d  was 150 mm, most of which 
became infiltration (1 = 150 mm) because overlaud £low did not occur during this p e r i d  The 
hydrauiic gradient was mostly upward h m  the water table to the root zone (Fig. 2-19, hence 
the drainage flux was negative; G c O. Therefore the evapotranspiration in this 13O-day period 
was at least 260 mm ( ET = I - AS - G > 150 + 1 10 ) or 2 mm 6' on average. From this 
observation, it is likely that the evapotranspiration on the slope is quite effective and capable of 
consuming al1 precipitation; therefore, very little net infiltration is expected in the slope. 
Zebarth and de Jong (1 989) rqorted similar results in the slopes sunoundhg groundwater- 
recharge wetlaads near HafEord, 100 km west of St. Denis. 

CompIerr'ty of wetland-groundwater interaction 
We have described the average patterns of subsurface flow; a large amount of infiltration in 

the wetland, divergent groundwater flow h m  the wetland to the slope, and upward flow fiom 
the water table to the root zone in the dope. The average patterns capture the essence of the 
flow system, but the wetland and groundwater interact in more complex ways. 

For example the cultivated field on the south side of the wetland has a much steeper siope 
than the rest of the catchment (Fig. 2.3), which causes the hydraulic gradient in this side to 
become convergent when the water table under the wetiand drops in Iate fail of dry years. The 
convergent hydraulic gradient was very weak in 1994 (Fig. 2.14~)~ but it was more pronounced 
in 1993. The similar reversal of hyâraulic gradient was reported by Meyboom (1 966b). We 
visited his site in 1995 to find that the piezometers used in his study «, show the gradient 
reversal were also placed dong the steepest slope in the catchment. 

Another example of the complex wetland-groundwater interaction is the nses in the 
residual cuve on JD 179 and JD 186 (Fig. 2.1 Oc), which indicates that the pond was receiving 
water nom tbe sunounding area. For the storm events in the period between April 1994 and 
August 1996 that had more than 10 mm of precipitation, the water level change caused by them 
was slightly higher than the amount of precipitation on average (Fig. 2.17). Only one storm 
during this pend  (not plotted in Fig. 2.17) caused the water level change significantly higher 
than the precipitation. The stonn caused 210 mm of water level change (Fig. 2.18b) in the 
pond, even though the precipitation was ody 54 mm (Fig. 2.18a). The hydraulic head in a 
piezometer (22 in Fig. 2.3, depth 1.9 m, basic time lag 1 minute) outside the wiliow ring 
became higher than the pond water levet during the stom. 

For normal storms (Fig. 2.1 7), the extra nse in water level in the pond (Fig. 2.1 Oc) is likely 
to be caused by saturation overland flow in the proximity of the pond where the capillary f i g e  
is close to the ground surface @unne, 1983; Gerla, 1992). The large water level change during 



the unusually large storm (Fig. 2.l8b) is Likely to be caused by both saturation overland flow 
and subsurface storm flow. 

Discussion 

Divergent sz~bsurjaceflow a r o d  SI09 
The flow field around S 109 depicted by hydraulic head dimibution was strongly divergent 

in the spring and summer (Fig. 2.14) of 1994. This pattern is a distinguishing feature of the 
groundwater-recharge wetlands (Meyboom, 1966b; Lissey, 1968; and others). The dense 
distribution of piezometers and tensiometers in this study made possible the detailed 
description of the stratifiai structure of the flow field reported in previous shpdies (Mills and 
Zwarich, 1986; Zebarth et al., 1989). 

Due to the sharp contrast in saturateci hydraulic conductivity between the strongly naftured 
and weakly fhctured till (Fig. 2-12}, and the presence of a clay layer, the flow direction is 
predominady horizontal between the water table and the oxidation fiont in outward radial 
patterns, and vertically downward below the oxidation fiont, i.e. Ui the weakly fiactured tiii 
(Fig. 2.19). Above the zone of horizontal flow, the flow direction is generally vertical upward. 
This trend was due to the contrast in the hydraulic conductivity, which decreases sharply once 
the soi1 becomes unsaturateci (Fig. 2.13). To meet with the collsumption of water in the slope, 
the horizontal flow zone acts like a conveyer belt that distributes water fiom the wetland to the 
mot zone in the slope (Fig. 2.19). 

The divergent flow is sustained by the infiitration in the wetland and the evapotranspiration 
in the slope. Evapotranspiration was greatiy reduced in 1995, when the field in the slope was 
summer fallowed Infiltration of precipitation in the dope caused continuous rise of water table 
at the TOP site in the summer (Fig. 2.8c), and the subdace  flow pattern became convergent 
in the fa11 (Fig. 2.14d). This observation indicates that the land use practice can have a large 
impact on the hydrology of the prairie wetlands. 

Average wuterflux in the hydrologie cycle 
From the detailed data of the hydrologic cycle in 1994, we can estimate the average flw of 

each component in the cycle in 1994 (Fig. 2.20). The ann.d precipitation for the hydrologic 
year 1994 is 376 mm (Table 2. l), of which 45 mm in the slope becomes effective snowmelt 
mof f  (Table 2.1) and went into the wetland. Note that the area of the wetland is 119 of the 
area of the slope. The total input of water in the wetland, precipitation plus effective snowmelt 
runoff, is 78 1 mm. 

Evapotranspiration rate in the pond in the wetland is assumeci to be 25 % of the rate of 
water level cirop based on the evaporation pan measurements. On this assumption we analyzed 
the hydrograph of the pond (Fig. 2.8b) and estimateci the total evapotranspiration in the 



summer and f d  of 1994 to be 241 mm. The non-inundateci part of the wetland has dense 
aquatic vegetation and the water table close to the ground d a c e -  Due to the blockage of wind 
by the wiilow ring, the microclimate w i t b  the wetland is expected to be reasonably uniform. 
Therefore, we assume that the evapotranspiration in the non-inundated part is equal to that in 
the pond. Because the evapotrauspiration in the winter and spring is expected to be smali, we 
assume that the total evapotranspiration in the entire wetland is 300 mm. 

Subtracting the evapotranspimtion h m  the total input, the amount ofwater leaving the 
wetland is 481 mm, of which only 2 mm becomes groundwater recharge, and the rest is 
consumed by the evapotranspiration in the slope. Evapotranspiration in the slope consumed the 
water transferred fkom the wetland and the precipitation minus runoff and recharge, hence it is 
389 mm. The estimated evapotranspiration in the slope is greater than that in the wetland, 
presurnably because the willow ring blocks the wind and suppress the evapotranspiration in the 
w e t l d  Woo and Rowse11(1993), studying a wetland (S50) located 1500 m West of our field 
site, reported higher evapotranspiration in the wetland (2 13 mm) than in the slope (1 83 mm) in 
March-August 1990. The wetland S50 has trees only on its southem margin, therefore the wind 
speed is not significdy reduced in the wetlanâ. 

Even though the estimated tlux in Figure 220 has a large degree of uncercainty, a few 
important points should be noted. First of a& the large infiltration occurs in the wetland, but 
ody a s m d  part of it becomes groundwater recharge to the underlying aquifer. Seconàly a 
large amount of water is tmEfe~ed fiom the wetland to the slope by horizontal subsurface 
flow. The magnitude of the divergent subsurfâce flow is approximately equal to that of 
effective snowmelt runoff fiom the slope to the wetland. Note that the magnitude of snowmelt 
runoff and the divergent flow in the average year will be considerably smdler, because the 
snowmelt runoff and summer precipitation in 1994 was much higher than the average value 
(Fig. 2.9). 

Conclusions 

The St. Denis National Wildlife Area, located in the undulating terrain of the northern 
prairies, has many wetlands. The wetlands at relatively high elevation recharge the 
groundwater systern that supply water to the local aquifer and the wetlands at low elevation. 
Large infiltration in the recharge wetlands drives the divergent subsurface flow under the 
surrounding slopes. The subsurface flow h m  the wetlands to the slopes is particularly 
pronounced in the zone below the water table and above the oxidation fiont, because the 
saturated hydraulic conductivity in the oxidizd glacial till in this zone is several orders of 
magnitude higher than the unoxidized tili. Above the water table, the average flow direction is 
upward due to evapotranspiration. Below the oxidation fiont, the flow direction is downward 
throughout the year. 



The infiltration in the wetland can be quantified by analyzing the water level fluctuation in 
the pond in the wetland, which is an integrated measute of precipitation, infiltration, and 
evapotranspiration. The infiltration accounts for 70-80 % of the water loss fiom the wetland in 
the summer. The evapotranspiration rate in the wetland is signiscantly smaller than the 
expected rate of evaporation fmm the wet d a c e  in the surroundhg slope, because the wind 
speed in the wetland is reduced by the wiiiow ring thet covers the perimeter of the wetland. 

The cold winter in the northem prairie region fieezes the top soit in the slope, and hence 
reduces the hydraulic conductivity of the mil. As a resuit, a large portion of snow in the dope 
becomes mowmelt runoff into the wetland. Thetefore, the divergent subdace  fiow is 
accompanied by the convergent surface flow. The amount of water transfemeû fiom the slope 
to the wetland as the surface flow each year is approximately equal to that of the subsurface 
water transfer nom the wetland to the slope. This dual nature of the hydrologie cycle has a 
major influence on the transport cycle ofdissolved chemicai species, which will be 
investigated in the next chapter. 
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Table 2.1 Summary of hydrologie parameters in 1993-1996; totd annuai precipitation, winter 
precipitation, snow water equivaient before the mowmelt period, effective snowmelt runoff, 
and the length of inuudation of the wetiand. Snow water @valent and snowmelt are the value 
averaged over the catchment 

Year Total pcp. Winter pcp. Snow water eqv. Snowmel Inundation 
(mm) (mm) (mm) (mm) (months) 

1993 367 60 no data no data 5 

1994 376 81 66 45 7 

1995 393 77 no data 21 4 

1 996 390 75 66 45 8 
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Fig. 2.1 Land classi£ication map of the S t  Denis National Wildlife Area The original 
map was prepared by the Canadian Wildlife Service. 
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Fig. 2.2 Definition of the pond, wetland, willow ring, and the dope. 
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Fig. 2 3  Topographie map of the study site. The location of field instruments is indicated 
in the map. The elevation is in meters above sea level. 
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Fig. 2.4 Geological cross section of the transect AB in Figure 2.1 (modined fkom Miller, 
1983). The location of new bore holes are shown by vertical lines. 
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Fig. 2.5 Annuai precipitation in hydrologie years 198049%. The dashed iine and the 
broken line indicate 90-year mean annuai and winter precipitation, respectively. 
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Fig. 2.6 The area-depth and vohme-depth functions. (a) area-depth function. (b) 
voLume-depth fùnction. 
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Fig. 2.7 Distribution of snow depth and water ecpivaient dong the transect CD in 
Figure 2.3. The willow ring is located at 30 m h m  the center. 



Fig. 2.8 D d y  precipitation, water level, and soü temperature. Dotted iines indicate the 
division between hydrologie years. The winter months are iadicated by bars on top of the 
graphs. (a) precipitation. (b) pond water level. (c) water levels in piezometers and a water 
table weii. (d) soil temperature at WRG site. (e) soi1 temperature at TOP site. 
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Fig. 2.9 Relationship between effective swwmelt runoff plus summer precipitation and 
the length of inundation. The numbers on points indicate the hydrologie year. The shaded 
area indicates the average length ofhu11dation (3.6 months) in L 98 0- 1996. 
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Fig. 2.10 Water level fluctuation in the pond in S 109 during the period of evaporation 
masurement. The grid lines indicate the beginning ofeachday, 0:ûû. (a) two-hour precipitatioa. 
(b) water level in the pond (c) water level in the pan and the residual water level, both relative to 
the initial level. (d) infiltration rate. (e) water level Werence between the pond and a piezometer in 
the willow ring. 
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Fig. 2.11 Water level fluctuation in the pond in S 120 during the period of 
evaporation measurement. The grid lines indicate the beginning of each &y, 0:OO. (a) 
two-hour precipitation. (b) water level in the pan and the residual water level, relative 
to the initial level. 
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Fig. 2.12 Distribution of saturateci hydrauiic conductivity. Shaded area indicates the tiil 
matrix conductivity. Stratigraphy of the area is schematic&ly shown beside the graph. 
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Fig. 2.13 Unsaturated hydraulic conductivity measured by the tensiometet response tests. 
Points are classified by the depth ofporous cup. The messurement is w t  reiiable above 
porous ceramic cup conductivity. 
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Fig. 2.14 Hydraulic head distribution dong the transat CD. h w s  indicate ~eneral flow 
direction. (a) April28,1994. (b) Iuly 28,184. (c) December 13,1994. (d) ~Gternber 18, 
1995. 
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Fig. 2.14 Continueci. 
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Fig. 2.15 Vertical hydrauiic head distrr'bution at three temiorneter-piezometer 
nests. Intersection between a profile and the dotted h e  (WT) indicates the 
position of water table. (a) WRG site. (b) MID site. (c) TOP site. 
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Fig. 2.16 Change in water storage in the top 2.1 m of soi1 at three TDR nests. 
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Fig. 2.17 Precipitation versus pond water level change. The straight h e  shows the 
dope of one. 
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Fig. 2.18 Response of water levels to a storm on July 4, 1996- (a) Cumulative 
precipitation. (b) Water Ievel in the pond and a piezometer just outside the willow ring. 

Fig. 2.19 The average subdace flow patterns. 



Fig. 2.20 Estimation of iiliflual average water flux (mm) in 1994. Pcp 
(precipitation), Evt (evapotranspiration), Snm (snowmelt ruaoff), Dfl (divergent 
subsurface k w ) ,  Gwr (groundwater recharge). 
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Chapter 3 

Chloride balance and surface-subdace transport cycle in a northem 
prairie wetland 

Introduction 

The northem prairie region of North America is cbaracterized by numerous wetlands of 
glacial ongin commody calleà sloughs or prase potholes, which are important wildlife 
habitats (Batt et al. ,1989). Many prairie wetlands are located in cultivated fields, hence they 
are susceptible to Ioading of fium chernicals and excessive amounts of nutrients, which may 
endanger the wetland ecosystem. To understand how those dissolveci chemical species move 
fkom the cultivated catchent to the wetland, it is necessary to evaluate the transport processes 
in each part of the sdace  and subsurface hydrologic systems. 

The undulating terrain of the northern prairie region does not have integrated drainage 
systems, and each wetland serves as a focus ofhydrologic processes in a closed catchment 
(Meyboom, 1966; Lissey, 1968). Previous researchers were mauily interesteci in the effects of 
this unique hydrologic setting on soi1 genesis and sait accumulation (Miller et al., 1985; 
Knuteson et al., 1989; Steinwand and Richardson, 1989; Keller et al., 199 1 ; Arndt and 
Richardson, 1993) or chernistry of water in the wetlands (Rozkowski, 1967; LaBaugh et al., 
1987). As a result, the primary focus of those studies was the subsurfwe transport of sulfates 
and carbonates. Sulfates and carbonates, however, participate in oxidation-reduction and acid- 
base reactions, and hence it is difficult to understand the basic transport processes of these 
species. 

Chloride does not participate in chemical ieactions in most terrestrisil environments, and 
can be used as a tracer to study surface and subsinface transport processes. It has been 
successfully used as an indicator of water balance components, such as evapotranspiration in a 
forested catchment (Juang and Johnson, 1967; Claassen and Haim, 1996) and regional 
groundwater recharge (Mison and Hughes, 1983). It is also a conmion practice to use a 
consenrative species such as chloride to estimate water balance of a lake (Nu, 1973; Stauffer, 
1985; Krabbenhoft and Webster, 1995). 

This chapter is a part of the broader study which aims to understand hydrology and 
hydrochemistry of the northem prairie wetlands that recharge groundwater. In Chapter 2, the 
hydrologic interaction between a recharge wetland and the surromding slope in Saskatchewan, 
Canada was descnbed. In this chaptcr, chloride is used as a tracer to confimi the hdings of 
Chapter 2, as well as  to understand how the wetland-focused flow field influences the 



subsurface distribution of dissolved species. The concephial mode1 of flow and transport in the 
recharge wetland aad the munding dope based on previous studies including Chapter 2 is 
preçented in the next section, which is followed by the field results that support the model, 

Conceptuai mode1 of chloride transport cycle 

The northem prairie region experienca cold whter, which causes deep soil fiost in the 
nirrounding slope in early spring, and hence causes large snowmelt nmoff into the wetlands 
(Woo and Witer, 1993; Woo and RowseiI, 1993). The snowmelt water infiltrates and forms a 
mound of groundwater under the recharge wetlands, and hence causa divergent subsurface 
flow (Meyboom, 1966; Lissey, 1968; and others). Chapter 2 showed that the majority of 
divergent flow occurs in the oxidized zone of saturated glacial tiII (zone II in Fig. 3.1) that has 
high saturated hydraulic conductivity due to weil-âeveloped fractures. Above zone II, the 
unsaturated hydraulic conductivity significantly decreases, and the flow direction is mostly 
upward due to evapotranspiration (zone I). Below zone II, the saturated hydraulic conductivity 
decreases by several orders of magnitude, and flow direction is mostiy downward recharging 
the underlying aquifer (zone III). 

Soluble salts are nearly absent under recharge wetlands (Miller et al., 1985; Keller et al., 
1 99 1 ), because the large infiltration of snowmelt water removes the salts fiom under the 
wetlands (Fig. 3.1). A portion of the salt is transported to the slope surrounding the wetland by 
divergent fiow in zone II and accumulates in the top soil (Miils and Zwarich, 1986; S tolte et 
al., 1992), while the rest is transported down to the aquifer by groundwater recharge. 

The divergent subsurface transport ofsalts fkom the wetiand to the dope is accompanied by 
the convergent surface transport of salts fiom the dope to the wetland by snowmelt runoff (Fig. 
3.1). For example, Knuteson et al. (1989) reportai thaî runoff water transported dissolved 
carbonates to microdepressions in North Dakota, USA. Chapter 2 showed that the average flux 
of surface and subdace  flow is sirnila. in magnitude. Thetefore, it is likely that the sufice 
and subsurfàce transport flux of chloride have similar magnitude, too. 

When a system of a recharge wetland and the surroundhg slope is considered, the input of 
chloride to the system is supplied by atmosphenc deposition, and the output leaves the system 
as groundwater recharge, while chloride is cycled within the system by surface and subsurface 
transport paths (Fig. 3.1). The distri'bution of chionde in different parts of the system and the 
flux between them will be examined in the foUowing sections. 

Study site 

A recharge wetland, Iocated in St. Denis National Wildlife Area (106O06'W, 52O02'N), 50 
km east of Saskatoon, Saskatchewan was selected as the study site (Fig. 3.2). The wetlaad, 



identified as S 109 by Canadian Wildlife Service, had been originally studied by Miller (1 983), 
and was recently studied extensively for the interaction of d a c e  water and groundwater 
(Chapter 2). 

The geomorphology of the site is d e s c n i  as moderately r o h g  biob and kettle moraine 
(Miiier, 1983). The area is underlain by glacial till and silty stratifiai sediments (Fig. 3.3). The 
tills are of Floral and Battieford Formation (Miller, 1983), which are Middle to Late Wisconsin 
in age (Christiansen, 1992). The boundary between the two formations is not clear, thus not 
indicated in Figure 3.3. Discontinuous sand lenses occur commonly in the tiU, while an 
extensive sand layer at the depth of25-30 m is an aquifèr that comects groundwater flow 
systems under a i l  wetlands in the area The glacial till is oxidized to the depth of 5-6 m and is 
olive brown, while the unoxidized till below that depth (oxidation fiont) is dark gray. The 
oxidized till has well-fktured structure and hi& satura& hydraulic conductivity compared to 
the weakly tiactured unoxidized till. 

The subsurface flow shows seasonal fluctuation, but on average the flow field is divergent 
and stratified (Fig. 3.1). The average groundwater recharge rate to the aquifer, based on 
hydraulic gradient and conductivity measurernents, is estimateci to be in the range of 1-3 mm 
yr" (Chapter 2). 

Prior to cultivation, perhaps in the middle of the century, this study area was covered with 
grassland-aspen grove vegetation (Miller, 1983). The present vegetation in the wetland is 
characterized by sedge, spike mh, and other aquaîic specia, while silver willow, trembling 
aspen, and balsam poplar grow dong the wetland margin. Similar wetland margin vegetation 
was called a ' W o w  ringy' by Meyboom (1966). The willow ring and the adjacent grassiand 
mark the transition fiom the wetiand to the cultivated field, which was cropped to spring wheat 
in 1993 and 1994, summer fiilloweà in 1995, and cropped to oil seeds in 1996. 

In this study the term '%etland" refers to the topographie depression characterized by 
aquatic vegetation, while the tem ''pond" refm to the inundated portion of the wetland (Fig. 
3.4). The term "~lope'~ is used to denote the area surromding the wetland, which includes both 
cultivated field and wiliow ring. Accordingly the wetiand of S 109 is defineci as the region 
enclosed by 552.5 m elevation contour (Fig. 3.2), which has the area of 2400 mZ. The 
boundary of the catchment is drawn based on elevation contours, but the effective catchment 
area cannot be uniquely defineci because the runoff water may overflow fÎom adjacent small 
depressions in years of large snowmelt (Fig. 3.2). With some degree of uncertainty in mind, we 
will use the area of the elevation-based catchment, 24000 m2, in our water balance calculations. 

The area becomes covered by snow in November; therefore, we defhe a hydrologic year to 
start on November 1 and end on October 3 1 ; for example the hydrologic year 1994 starts on 
November 1, 1993. The 90-year mean annual precipitation in Saskatoon is 360 mm, of which 
84 mm occurs in winter (November - March) mostly as snow (Atmosphenc Environment 



Service, 1996). Precipitation-weighted wet deposition of chloride, estimateci fiom the record of 
the three closest CAPMoN stations (Ro et al., 1995) in 1985-1994, is 0.041 mg T' (Fig. 3 S). 

Field and hboratory methods 

Precipitation and water Ievel memuement 

The s m e r  precipitation in the hydFologic years 19941996 was measured by a tipping 
bucket rain gauge located outside the willow ring (ne= 23 in Fig. 3.2), while the summer 
precipitation in 1993 and the winter precipitation in 1993-1996 were obtaïned nom the 
Saskatoon Airport, 50 km West of the site (Atmospheric Environment Senice, 1996). 

The pond water level was continuously monitored h m  July 1993 to October 1996 
(Chapter 2). In addition to 20 piezometers and water table monitoring wells installed in 1980 
by Miller (1983), we installed 17 new piezometers and wells in 1993 and 1994 (Fig. 3.2). The 
construction methods of piezometers are descri'bed in Chapter 2. Water level in most of 
piezometers and wells are measured m a n d y ,  while some piezometers were continuously 
monitored by vibrating wire tramducers (Geokon, ALV4500-5) and a data logger (Campbell 
Scientific, CR1 O). 

Snow and water sampling 
Snow samples were taken by first digging a pit down to the ground surface, and then 

scraping the waii of the pit with a clean plastic scoop h m  the snow d a c e  to the depth 10 cm 
above ground surface. 

Pond water samples were always taken fkom the center of the pond by submerging a clean 
plastic sample bottle 10-20 cm into the water. Groundwater samples were obtained fiom 
piezometers and water table monitoring wells using a penstaltic purnp. Due to low hydraulic 
conductivity of the glacial tills, samples were taken without purging piezometers or weUs. The 
sampies were taken from the depth of the screen, which was usually at least several meters 
below the water level in the piezometer. P r e h h r y  sampluig with purging nom a few fast- 
responding piezometers showed that chemistry of water did not change appreciably before and 
after purging. For the new piezometers constnicted in 1993, periodical sampling from 1994 to 
1995 showed that chloride in most new piezometm had reached stable concentration by July, 
1995, hence the effect of contaminaiion by bentonite (Remenda and van der Kamp, 1996) had 
become insisnificant. 

Water samples were passed through a 0.45 pin filter and kept at 4 OC for a few days to 
weeks prior to analysis. The major anions includhg Cl- were analyzed by ion exchange 
chromatography, while the major cations were analyzed, der  acidimg samples, by atomic 
absorption spectroscopy. AUcalinity was analyzed by sulfùric acid titration. Deuterium content 
was analyzed by a mass spectrometer using a standard zinc reduction technique. 



Soil elecb-ical conchrctivity 

The soil electrical conductivity was sweyed with an elecîmmagnetic terrain conductivity 
meter (Geonics, EM-3 1) on a 15 m grid. The penetration depth of the meter was 3-4rn. 

Pore water chloride extraction 
Glacial tiil samples representing 0.41.5 m depth intmals were obtained by the auger-wrap 

technique (Kelier and van der Kamp, 1988). A 15 cm diameter soiid-stem auger was used to 
obtain the tiU samples h m  the maximum de@ of 24 m. The bore holes were used to install 
piezometers after sampling. Shallow tiii samples h m  a few selected locations were also 
obtained by handoaugering at 0.2 m depth interval. The samples were sealed in plastic bags and 
kept at 4 OC for a few days before the soluble salts were extracted. 

A representative sample consisting of many smali (1 cm3 pieces of till was tnuisferred 
fkom each plastic bag to a 250 ml plastic bottle. Approximately 200 g of the till sample was 
mixed with 100 ml of deionized water in the bottle, vigorously shaken for four hours, and 
centrifüged at 900 tùnes the gravitational acceleration for one hour. The supematant was then 
passed through a 0.45 pm filter. The shaking time was selected based on the literahue on 
standard methods (Rhoades, 1982). 

Pore water chionde concentration in tiii was estimated fiom the concentration of 
supematant and the dilution ratio based on the gravimetric moisture content of the till, which 
was determinecl by oven-drying 60-80 g of sample for 48 hours at 105 O C .  This method of 
calculation assumes that al1 pore water is accessible to extracthg solution, which was 
confmned for water molecules by using deuterïum-tagged water as extractant for 22 
representative samples. The assumption, however, may not be valid for chloride ions, as 
discussed later. The volumetric moisture content of the till was estimated fiom the gravimetric 
rnoisture content assumuig that the density of till solid was 2700 kg ni3. 

Radial d~JÜsion tests 

The effective pore water volume that was accessible to chlonde ion was detennined by the 
radial diffusion method (van der Kamp et al., 1996). The intact tili samples used in this method 
were obtained by advancing a solid-stem auger to the desired depth, cleaning the cuttuigs in the 
hole, and driving steel Shelby tubes into the till. The samples were wrapped immediately in 
plastic films and were stored at 4OC d e r  sampling. 

A cylinder-shaped intact till sample, 12 cm long and 7.2 cm in diameter, was allowed to 
equilibrate with deionized water in a srnali (25-30 ad) mervoir piaced in the center of the 
sample through molecular diaision process. Deionized water was injected in the reservoir, the 
sample was sealed to prevent evaporation, left for 50-130 days to ensure equilibrium, and water 
was sampled through 0.45 Fm filter for analysis. The procedure was repeated four times, 



resulting in the dilution of pore water in the till at each step accordhg the volume ratio between 
the central reservoir and the pore space accessible to chloride. 

Time senès extraction 
The radial diffusion tests indicated an extra source of chloride that was not dissolved in 

pore water, as d e m i  later. The time series extraction was conducted to determine if shaking 
samples more than four hours will extract the extra chloride. A set of tiil-water mixtures was 
packed in bottles, shaken for one hour, stllred by a spahila to completely disperse the mixture, 
and poured into a large glass beaker and homogenized, and re-distributed into botties. The 
botties were shaken again for a specified length of time up to 72 hours and centrifuged. In 
some cases the till sample in the last bottie was mixed with deionized water for the second 
extraction with 96-hour shaking. 

Till and ciay ana[ysis 
Oven-dried till samples used for moisime content determination were cnished to pass a 2 

mm screen, and homogenized using a mechanical sample spiitter. The pulverized samples were 
then ground to powder size (< 75 p). Carbonate content of till was estirnated by acid 
digestion/atomic absorption method (Ross, 1986). ûrganic carbon content of till is represented 
by non-carbonate carbon content which was anaiyzed by Leco induction b a c e  equipped with 
Honba IR detector &er removing carbonate with Hel. 

Clay fiom 20 g of air-dried till was extracted by gravity sedimentation technique, saturated 
with CaC12 and KCl solutions, and onented specimens for X-ray ciBiaction analysis were 
prepared on glas slides (Theisen and Harward, 1962). Seven difhctognuns using different 
pretreatment. and temperature conditions were obtained using the method describeci by Dudas 
and Pawluk (1982). 

Results 

Chloride in snow and snowmelt water 
The snow samples were taken h m  bine locations; center of the wetlanà, outside the 

willow ring, and middle of the slope in March, 1994 just before the swwmelt began. The snow 
thickness in the three locations were 0.49,0.62, and 0.34 m, respectively. The snow samples 
appeared clean without dust or soil particles. The concentration of chloride in the samples was 
0.1-0.2 mg l*', which represented the concentration in snow that had not been in contact with 
the soil. 

The snow samples were taken fiom similar locations in March, 1996. The field around the 
wetland was summer fdowed in 1995, and the top soil was exposed to the snow without 
stubble and a layer of hay that cover the soil surface in normal years. The snow was noticeably 



more "dirty" in 1996 than in previous years, ptesumably because more soil particles were 
incorporated in the snowdrifts. The chioride concentration in the diay snow ranged h m  0.3 to 
3.3 mg P. 

Near the end of the snowmelt period (Aprii 8) in 1996 the ground d a c e  was completely 
wet, and shaiiow (0-10 cm) puddles were abundant on the dope. The snowmelt water slowly 
cascaded d o m  the slope h m  one puddle to another. It is iikely that the snowmelt nuioff 
occurs as a combination of overland flow and s u b d â c e  flow in a top few centimeters of the 
soil. Water samples were taken fkom two of the puddles, which had chloride concentration of 
1.3 and 3.0 mg 1-'. Snowmelt water, which originally had linle chlonde (0.1-0.2 mg 1-') when it 
was clean, dissolved a significant amount of chlonde as it came in contact with the top soil. 

Chhide in pond water 
The water level in the pond rose rapidly during the snowmelt period (Fig. 3.6b). The 

snowmelt started on March 12 in 1994, March 10 in 1995, and March 15 in 1996. It occurred in 
several events and lasted until April13 in 1994, April 15 in 1995, and Apnl8 in 1996. The 
chloride concentration in the snowmelt water in the pond varied fiom year to year (2-5 mg 1-'). 
In 1996, it was in the order of 2-3 mg 1-' (Fig. 3 . 6 ~ ) ~  similm to the value found in snowmelt 
water in the puddles on the slope. 

The concentration in the pond fluctuated during the suxnmer and fdl Fig. 3.6c), but the 
variation was in the order of only a few milligrams per liter. The chloride mass in the pond was 
calculated by taking the product of concentration and the volume of water in the pond 
estimated nom the volwne-depth fûnction (Chapter 2, Eq. 2 9 .  The chloride mass rapidly 
increased in the snowrnelt period, and decreased as the water level declined in sumrner (Fig. 
3.6d). The maximum mass was reached within several weeks after the snowmelt period, of 
which a large portion was likely transportecl from the slope. 

Estimation of injihation and evapotrunspirution 
The chioride concentration and m a s  change in the pond reflects the water balance, 

therefore, can be used as a practical method to estimate evapotranspiration and infiltration in 
the pond. Evapotranspiration in the pond includes open water evaporation and transpiration by 
the emergent vegetation. F m  a physical point of view the two phenornena are different 
However, they are indistinguishable when chloride mass balance in the pond is considered, 
because the chlonde accumulating dong the shdow root system, or precipitating on the 
leaves, of the aquatic vegetation is easily mixed with the pond water. 

Assuming no groundwater input and negligible chlonde in precipitation, the m a s  of 
chlonde in the pond is approximated by (see the end of the chapter); 



where C(tI) is the chloride mass in pond water at tune tI,  Mo is the initial mass V(t) is the 
volume of water in pond, A(t) is the m a  of pond, and P(t) (m 8') is the precipitation rate. The 
ratio of infiltration to total water loss,/; is denwd by; 

/ = r i ( [  + E )  (3 2) 

where E (m sa') is the evapotranspiration rate, and I(m s*') is the infiltration rate. The ternis 
under integral are di measurable in the field 

Chloride concentration in the pond is calculated fiom (3.1) using three diffecent values off 
(Fig. 3.7). The initial dates are set at May 27 (JD 147) in 1994 and May 3 (ID 123) in 1995. It 
was impossible to use (3.1) to andyze the data for 1996, because a large stom on July 5 
caused a major subsdace storm flow into the pond (Chapter 2, Fig. 2.18). Therefore, the 
assumption of negligiile gmundwater input was violated. 

Calculated chloride concentration was sensitive to the variation off only in the iate part of 
the curves shown in Figure 3.7. This is because the sensitivity of pond water chloride 
concentration increases as the volume of water in the pond decreases. Cornparison of measured 
and calculated concentration suggests f = 0.7-0.8 on average. This value is in agreement with 
the value, f = 0.76, obtained fiom physically measured evaporation and infiltration rate in a two 

weeks period (JD 180-193) in 1995 (Chapter 2). 
The pond existed until late fa11 in 1994 and 1996, which gave us unique opportunities to 

use the pond itself as a large pan to me- the evapotrampiration fiom the wetland. The pond 
evapotranspiration rate, given by 

was integrated wer the summer and f d  to esthate the total pond evapotranspiration cab le  
3.1). n i e  vaiue off = 0.75 was used in the calculation. The total pond evapotranspiration in the 
summer and f d  was close to the total precipitation during this period (Table 3.1). This makes 
sense because the chloride concentration in the pond water did not change appreciably in 
summer and fail (Fig. 3.6~); precipitation and evapotranspiration was balancd 

Chloride in grounhuater 
The groundwater under the wetland was sampled fkom Miller's old piezometers in 1993 

and 1994, of which 1994 data are show in Figure 3.8. The chloride concentration was in the 
range of 4-9 mg TI. This is similar to the concentration range in pond water, as we expect 
because the large portim (f= 0.75) of the water in the pond infiltrates without evaporitic 



enrichment. The concentration in 1993 was 0.3-1.3 mg 1-' lower than the 1994 value for each 
corresponding piezometet The difference is not considemi signincant. 

The groundwater under the slope was sampled h m  the new piaometes in 1995. The 
chlonde concentration under the middle to lower slope was in the sirnilar range as under the 
wetland, but it was in the higher range under the uppet dope (Fig. 3.8). 

The glacial tiil samples obtained h m  five bore holes dong the transect BC (Fig. 3.2) were 
used to detennine the pore water chlonde concentration by the extraction method. The pore 
water concentration was reasonably d o m  (4-10 mg 1-') in the wethd and the lower slope, 
and it was significantly higher in the upper dope (Fig. 3.9). This pattern is consistent with the 
groundwater chlonde concentration (Fig. 3 3). 

The occurrence of high chloride concentration in the upper slope is commonly observed in 
prairie wetlands (Mas and Zwarich, 1986; Zebarth et al., 1989). The high chloride 
concentration is associated with high salinity, hence high soi1 electrical conductivity. As a 
result, the area of high chloride concentration can be delineated by a soil electrical conductivity 
survey using a EM-3 1 (Fig. 3.10). Band-like areas of the high salinity develop roughly along 
the catchment boundary. A similar band of salinity around a prairie wetland, referred to as a 
saline ring, was reporteci by Mills and Zwarich (1986). Note that the major constituent of high 
salinity detected by EM-3 I was sulfate, as groundwater samples obtained fiom the zone of high 
sal in i ty  were saturated with respect to gypsum, though high concentrations of chloride and 
sulfate occurred together. 

Shallow till samples were obtained from three locations (23,26, and 28 in Fig. 3.2) along 
the m e c t  BC by hand-augering. At each location the samples were taken at three different 
t h e s  (July 1994, November 1994, and June 1996) fiom the area withùi severai meters of the 
corresponding piezometers, and pore water chloride concentration was estimated by the 
extraction method to examine the seasonal variation. At the middle and upper dope locations, 
the chloride concentration in the top soü (< 0.2 m) was low in early summer, and increased in 
late faIl (Fig. 3.1 l), while the trend was oppsite at the location near the willow ring- Note that 

each point in the graphs represents an analysis of one sample, whiie a large spatial variation in 
the concentration is expected. Therefore, the data should be interpreted qualitatively. The low 
concentration in the top soil in early summer at the middle and upper slope was iikely due to 
leaching caused by snowmelt nuioff, while the high concentration in early surnmer at the lower 
dope may indicate some unknown subwfiace transport mechanism. 

Chloride cyclng 
The high chloride concentration in the upper slope (Fig. 3.9) indicates accumulation of 

chloride. A portion of the accmulated chioride on the slope is transported to the wetland by 
snowmelt ninoffeach year. h u a i  chloride load to the wetland is perhaps 4-5 kg (Fig. 3.6d). 
Due to the high infiltration rate, most of the chloride m a s  in the pond is transported to the 



underlying groundwater. Part of this groundwater recharges the local aquifier, ailowing chloride 
to leave the system. However, most of the groundwater flows horizontaily, transporthg 
chloride h m  the wetland to the slope. This chloride, dong with the atmospheric deposition, 
accumulates on the slope (Fig. 3.1). Therefore, the chloride is cycled between the wetiand and 
the dope by surface and subszuface transport processes. 

The innuence of chlonde cycling is limited in the shallow s u b d a c e  (zones I and II in Fig. 
3. L), and the chloride in the deeper zone is no longer part of the cycle. The downward flow of 
groundwater is focuseci under the wetland (Fig. 3.1). therefore the majority of groundwater 
leaving the cycle has the concentration range of 4-9 mg T' (Fig. 3.8). This range is 100-200 
h e s  greater than the average concentnition of precipitation (0.04 mg 1-'). Chapter 2 estimated 
the groundwater recharge rate of 1-3 mm yfl, averaged over the catchment. The annual 
precipitation, 360 mm yi' , is 100-300 times greater than the groundwater recharge rate. It 
appears, therefore, that atmospheric input of chloride to the cycle is roughly balanced by the 
groundwater output This situation is analogous to a forested catchment in mountains in which 
chloride is cycled between soi1 and plants, and atmospheric input is balanced by output through 
a discharghg Stream (Juang and Johnson, 1967; Claassen and Halm, 1996). 

Discussion 

Inconsistency of the chloride extraction technique 
The subsurface distributions of chionde concentration directly measured for piezometer 

samples (Fig. 3.8) and that estimated fiom extraction (Fig. 3.9) are qualitatively sùnilar. 
However, a close examination of the concentration profiles in the lower and upper slope 
locations (23 and 26 in Fig. 3.2) shows that the pore water concentration estimated by the 
extraction do not always represent the groundwater concentration (Fig. 3.12). 

The inconsistency in concentration is likely due to problems in the chloride extraction 
technique, particularly in the method used to e s h a t e  the dilution ratio based on the 
gravimetric moisture content. The gravimetric moisture content represents the total pore 
volume, Y,, in a saturated tiil sampk, however the effective pore volume, V, that is accessible 
to chloride may be smaller than Y,; i.e. underestimation of the concentration. On the other 
hand, if there are extra sources of chlonde in the till such as adsorption sites, the concentration 
based on the moisture content wiii overestimate actual pore water concentration. 

The radial diffusion method (van der Kamp, et al., 1996) was used to determine if the 
difference between Y ,  and V, or extra sources of chloride, existed for two intact glacial tiü 
samples taken fiom a bore hole near the willow ring (23 in Fig. 3.2, depths 3.3 m and 6.4m). In 
this method, a central reservoir in the sample is ernptied and nIled with deionized water at each 
step. When the concentration in the central reservoir at each successive dilution is plotted 
against the net mass rernoved (Fig. 3-13), the reciprocal of the slope of the cuve  is equal to the 



product of Y, and the retardation factor, R, that indicates the effects of extra sources of 
chloride, while the intercept of the c w e  is equal to the originai pore water concentration (van 
der Kamp. et al., 1996, Eq. 7). Regression analyses gave the straight lines shown in Figure 
3.13, for which the values of V s  for 233.3 m and 236.4 m were 145 ml and 162 ml, 
respectively. The total pore volume of the two samples were 113 ml and 103 ml, respectively. 
Because V, can not exceed Y,  the values of R for the two samples must be at least 1.3 and 1.6, 
respectively. This indicates the presence of extra sources of chloride in the two till samples. 

The two sampies were removed h m  the diffusion ceii after the last meanuement, and 
subjected to the tirne senes extraction to determine how long shaking tirne is needed to extract 

the extra chlonde. The pore water concentration shown in Figure 3.14a was estimated fiom the 
concentration in the extractant and the dilution ratio based on Y,. After four hours of shalchg 
the estimated pore water concentration was almost identical to the concentration in the centrai 
reservoir in the Iast point of the radial diffusion tests Fig. 3.13). At least for these two samples, 
four-hour shaking extracted only the chloride that was dissolved in pore water. 

The estimated pore water concentration increased with the shaking t h e ;  the extra chloride 
was released into the solution as samples were shaken longer. After 70 hours the second 
extraction was started by decanting the supernatant in the bottles and adding deionized water. 
The samples were shaken for 96 hours, and more chloride was extracted (Fig. 3.14a). 

The radial diffusion method was applied to only two samples. To detennine if the presence 
of the extra chloride was the general property of the glacial till in the site, four other till 
samples were subjecteù to the tirne series extraction. Characteristics of the s u  samples used in 
the time senes extraction are listed in Table 3.2. Only one out of four samples showed the 
increase in concentration (Fig. 3.14b), and therefore, it is likely that the extra chlonde only 
occurs in some locations and depths. In all samples, the extra chioride was not extracted in the 
four-hour shaking used to constnict Figure 3.9, therefore, the major part of the inconsistency 
shown in Fig. 3.12 was iikely caused by the spatiai heterogeneity rather than the extra chloride. 

Extra chloride in tills 

Although we do not have convincing &ta to explain how the extra chlonde exists in the 
till, several obsemations are stated here. The dissolution of trace chloride contained in silicate 
minerals (Peters, 199 1) cm not explain the curves in Figure 3. because such process is 
extremely slow under room temperature and the neutral pH condition buffered by abundant 
carbonate. The dissolution of chloride contained in carbonate miner& can not explain the 
curves, either, because the samples that did and did not release extra chlonde both had sirnilar 
carbonate content (Table 3.2). In addition, the amount of chloride in carbonate minerals is 
generally in order of several hundreds pg g-' (Hem, 1985, p. 5; Remenda, 1993, p. 79, which 
is not large enough to account for the amount of the extra chloride in Figure 3.14. 



The X-ray diffiactograms of four till samples taken under the wiilow ring (23 and 25 in Fig. 
3.2) showed clear peaks corresponding to montmoriilonite, blinite,  muscovite, and chlorite in 
order of decreasing abundance. This assemblage of min& is typical for the clay fiaction of 
prairie soils (Kodama, 1979). Amorphous aluminosilcates that may have large number of pH- 
dependent ion exchange sites (Wada, 1989) was not detected Thdore,  non-specifically 
adsorbed chloride on pHdependent exchange site (Stumm, 1992, p. 19) is unlikely the cause of 
increased concentration. Organic carbon content and the oxidation state of the tiu did not 
appear to affect the presence of extra chlonde (Table 3.2). 

The mechanism of chloride retention in the glacial till will have significant consequence in 
transport processes of other wgatively charged chernical species, for example pesticides and 
nutrients, of great ecological importance. Therefore it warrants m e r  research. 

Non-ideal behavior of chioride as a tmcer 
It became clear that chloride was somehow trapped and released fiom the tiii material at 

some locations and depths, and as such, showed non-ideal behavior as a tracer. The t h e  scale 
of trap and reiease is expected to be in the order of 10~-10~ days, because the phenornena were 
observed in the radial d i f i ion tests that were conducted in simila. time scale. 

Suppose that one is planning a year-long experiment using chloride to trace the movement 
of groundwater. The tramfer of chloride mass between pore water and till solid will certainiy 
affect the results of the experiment. Therefore, the mass tramfer process has to be explicitly 
dealt with as a time-dependent process (van Genuchten and Wierenga, 1976; Rao et al., 1980) 
in the interpretation of the data. 

The analysis of divergent flow patterns and groundwater recharge rate presented earlier in 
this chapter deals with the time scale of 102-103 years. Therefore, the mass tnuisfer between 
pore water and tiil solid can be treated as an Ulsbntaneous process; retardation. The results of 
the radiai diffusion tests and time series extraction suggests that the retardation occurs only at 
some locations, and that the retardation factor is unlikely to exceed two. The mild retardation 
will not afFect the pattems of chloride distniution (Figs. 3.8 and 3.9), though it may stabilize 
the distribution against changes in subsuiface flow regime. The mass tlux of chlonde leaving 
the system with groundwater recharge (Fig. 3.1) only takes place in the dissolveci phase. Once 
the balance between the atmospherîc input and the subsilrfiice output is established in the 
system, the chloride mass balance is not affected by retardation. Therefore, the chlonde method 
to estimate groundwater recharge needs not take into account the retardation over long time 
penods. 

Conclusions 



Distribution of chloride in a groundwater recharge wetland and the surrounding slope 
delineates the key hydrologic processes in the system. low chloride concentration in 
groundwater under the wetland indicaîes large infiltration of snowmelt water. High 
concentration in the soils in the upper slope indicaîes the divergent flow ofgroundwater that 
transports dissolved salts h m  the wetland to the slope, and the accumulation of the salts in the 
slope caused by evapoeranspiration. The anaiysis of snowmelt and the pond water in early 
spring indicates that the chloride in the upper siope soü is transported to the wetland by 
snowrnelt runoff. The d a c e  flow and subsuffkce flow ofwater transport chhide in the 
opposite directions, and hence drive the chloride cycle in the system. 

The chioride concentration in the pond water does not change appreciably in the summer 
and fall, indicating that infiltration accounts for the majority of water loss in the pond. This is 
in agreement with the results of the hydrologic study which showed that evaporation rate fkom 
the wetiand is considerably smaller than the potential rate of wet surface evaporation in the 
sumounding slope. The large infiltration, however, does not contribute to groundwater 
recharge. Most of the innltrated water is evapotranspired within the wetland or in the slope. 

The chloride cycle in the wetland-slope system receiva a steady input by atmospheric 
deposition, while the groundwater recharge to the local @fer carries chloride away fiorn the 
system. In geological time scde, the input and output iikely become balanced, and the chloride 
concentration in the groundwater leaving the system cm be used as an indicator of the recharge 
rate. The recharge rate estimateci based on the chloride mass balance in the system is 0.5-1 % 
of the precipitation rate, which is in agreement with the estimation based on the measurements 
of hydraulic gradient and conductivity. 

Chloride is trapped in and released fiom the glacial till in some locations and depths in the 
study area. The mechanism of the trap and release is unknom, and warrants M e r  research. 
The non-ideal behavior of chloride due to the trap and release will affect the short term 
observation of the transport processes, but it should not affect the transport processes in 
geological tirne scale that controls the distribution of the concentration in the chlonde cycle. 

The water balance and chloride mass balance in a pond without groundwater input is 
described by; 

dC dV V -  + C- = A(C,P - CI) 
di dt 



where Vis the volume of water in pond, A is the area of pond, P is the precipitation rate, E is 
the evaporation rate, I is the infikation rate, C Cs the average chloride concentration in pond 
water, and C, is the chioride concentration in precipitatioa The above set of equations are 

reduced to (Nir, 1973; Eq. 14a): 

Re-ananging (Al) we get; 

where f = V P E )  is a ratio of infiltration to total water loss, assumed constant. Using (3A4) 
and noting that C' is negligible for short term mass balance, the solution to (3.M) is given by; 

where C(t,) is the chloride mass in pond water at tirne t!, and Mo = CoVo is the initial mass. 
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Table 3.1 Estimated evapotranspiration (ET) h m  the pond and precipitation. 

Year Pe riod 

1994 May 27 - Oct. 7 241 227 

1 996 May 29 - Od. 24 21 3 198 

Table 3.2 Data summary of the till samples used in the t h e  series extraction; sample 
location, depth, presence of extra chlonde, volumetric moisture content, organic carbon 
content, carbonate content, and the oxidation state (oxidized/unoxidized) of the îïiî based on 
color, 

Location Depth Extra Moist. Org. C CO, 0xidatk 
(ml Ci content (wt %) (MI) state 

22 6.4 0.24 0.4 21 Unox. 
23 2.1 0.36 0.3 22 Ox. 

23 3.3 x 0.26 O. 1 19 Ox. 

23 6.4 x 0.26 0.4 31 Unox. 

23 9.5 0.29 0.6 22 Unox. 

26 6.4 x 0.24 O -4 19 Unox. 
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Fig. 3.1 Chloride transport by subsurface flow (solid line with arrow) and snowmelt 
nuioff (dotted iine with arrow). Dark shaded area near the ground d a c e  indicaies 
accumulation ofchioride, 



piezometer O water table well O stilling well - willow ring 

Fig. 3.2 Topographie map of the study area. The location of field instruments is indicated in 
the map. The elevation is in meters above sea level. Arrows show the direction of overflow 
fiom smali depressions. 
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Fig. 3 J Geological cross section dong the transat AC in Figure 3 2 (modified fiom 
Miller, 1983). 
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Fig. 3.4 Definition of the pond, wetlad, willow ring, and slope. 



St. Denis 
Fig. 3 5  Location of the CAPMON sites and the pmcipitation-weighted wet chloride 
deposition (mgll) in 1985-1994. 
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Fig. 3.6 Precipitation, water level, and chloride in S 109. Dotted line indicate the division 
between hydrologie years. (a) daily precipitation. (b) pond water level. (c) chlonde 
concentration in the pond water. (d) chloride mass in the pond 
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Fig. 3.7 Meanired and caiculated chloride concentration in the pond The calculation is 
based on the mass balance equation. (a) 1994. (b) 1995. 

Fig. 3.8 Chloride concentration (md) in groundwater. 
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Fig. 3.9 Pore water chlonde concentration (mg/L) esescimated by the extraction. nie don 
show the sample points. 
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Fig. 3.10 Distribution of the soil electncal conductivity measured by EM-3 1. 



Fig. 3.11 Pore water chionde concentration in the near-dace soi1 estimated by extraction. 
Samples were taken at three dinerent thes. (a) Iowa slope. (b) middle slope. (c) upper slope. 
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Fig. 3.12 Cornparison of pore water chloride concentration; estimated by the extraction, 
piezometer sampla, and the radial diffusion methd The length of markers indicate sampled 
intervals and piezometer sand packs. (a) lower slope. (b) upper slope. 
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Fig. 3.13 Resuits of the radial diffusion tests. The concentration in the central reservoir is 
plotted against the net mass removed 6rom the ta. Linear cegression lines and correspoadlig 
equatiom are shown in the graphs. The numbem between each point indicates equiliration 
tirne in days. (a) 23-3.3 m. (b) 236.4 m. 
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Fig. 3.14 Estimated pore water chioride concentration by the tirne series extraction. 
Dashed Iines with m w s  indicate the second extraction. (a) sarnpies used in the radial 
diffision tests. (b) other samples. 



Chapter 4 

Simulation of surface-subsurface chloride cycle induced by wetland- 
focused groundwater recharge 

Introduction 

The northem prairie region of North America is characterized by undulating terrain with 
numerous wetlands, called sloughs or prairie potholes. The wetlands are important to this 
region, because they support a diverse community of wüdlife, and recharge the groundwater in 
underlying aquifers. However, the destruction of a large number of wetlands in the last severd 
decades to increase the crop production raisai public concems about the friture of the wildlife 
and water resources in the region (Batt et al., 1989; Wmter, 1989). The evaluation of the 
impact of the destruction on water resounes requires an estimation of wetland-focused 
recharge. 

Groundwater recharge is conventiondy estimateci by measuring the hydrauLic gradient and 
conductivity, or by analmg the fluctuation of water table (Meyboom, 1966; Rehm et al. 
1982; Zebarth et al., L989). However, it is difEcult to represent the recharge rate in a given area 
by a few hydrauiic measurements. Tberefore, it is desirable to have an independent estimate of 
recharge to evaluate the representativeness of hydrauiic measurements- The mass balance of 
dissolved species may be used to obtain such an independent estimate, because the 
concentration of dissolved species in the wetland has shown to be an effective indicator of 
groundwater recharge or discharge condition (Rozkowski, 1967; Lissey, 1968; Miller et al., 
1985; LaBaugh, 1991). 

Atmospheric chlonde is commooly used as a tracer to estimate groundwater recharge 
(Eriksson, 1955: Allison and Hughes, 1983). However, the application of the chloride method 
is generally limited in the cases where subdace flow is dominantly vertical. The wetland- 
focused groundwater recharge induces strong horizontal subSUTface flow fiom the wetland to 
the surrounding slope, hence the chlonde rnethod is not applicable in its commonly used form 
(Meyboom, 1966, Lissey, 1968; Zebarth et al., 1989; Tntdell, 1994). 

The subsdace distribution ofchloride in the recharge wetîands and surrounding slopes is 
characterized by the low concentration under the wetlands indicating large infiltration of 
snowmelt water, and high concentration in the middle to upper slopes indicating enrichment by 
evapotranspiration (Miller et al., 1985; MiUs and Zwarich, 1986). Chapter 3 showed that 
chloride is cycled between a recharge wetland and the smunding slope, and that the ratio of 
the concentration in shallow groundwater under the wetland to that in precipitation is 



approximately equal to the ratio of annuai precipitation to groundwater recharge. To examine if 
such a relationship is generaily applicable to o t k  wetiands, we will develop a mathematicai 
model to represent flow and transport processes in a recharge wetland and its catchment, based 
on detailed field studies of a recharge wetland 1Ocafec-i in a typicai undulating terrain of the 
northem prairie region (Chapters 2 and 3). 

Because the accumulation of chloride OCCUS in the vadose zone, it is critical to incorporate 
unsatunited flow and transport professes in the model. Numerical analysis of interaction 
between wetiands and the vadose zone was presented by Wmter (1983) for flow, and by Stolte 
et al. (1 992) for flow ami solute transport. They emphasized the importance of seasonal and 
shorter-term change in flow boimdary conditions at the gromd surface. However, it is 
impossible to measure such boundary conditions in field sites at fine temporal and spatial 
resolution required in transient simulations. Therefore, we do not attempt to develop a model 
that represents the fùil complexity of field sites. The intent of our analysis is to clariQ and 
illustrate the most essential processes governing the distribution of chloride in a long tirne scale 
(io3-io4 years). 

The model will emphasize the coupling of sudiace and subdace  transport processes, 
hence the eflects of chloride cycling. Though the motivation for developing such a model 
cornes fiom the study of the specific type of prairie wetlands, the mathematical concepts and 
numerical xhemes descnied in this paper wi l l  be applicable to generai solute transport 
problems involving dace-subsurfaf e cyciing. 

Conceptual model 

The concephial model is based on the field studies of a wetiand located in the St. Denis 
National Wildlife Area, 50 km east of Saskatoon, Saskatchewan (Fig. 4.1), which was 
origindy studied by Miller (1983) and Miller et al. (1 985). The size of the wetland is the 
average of recharge wetlands in the northem prairie region, and the study area has cold and dry 
climate and glacial topography, typical of the region. The wetland has aquatic vegetation 
characterized by sedge and spilce rush in the central part, and a dense ring-like bush of willow 
and aspen in the marginal ara; a ' W o w  ring" (Meyboom, 1966). In this snidy the terni 
'%vetiand" refers to the area inside the willow ring, while the term 'pond" refers to the 
inundated portion of the wetland (Fig. 4.2). Note that the pond dries up by the end of summer 
in most Yeats. The term "slope" is used to denote the area surrounding the wetland, which 
indudes both cultivateci field and willow ring. The area of the wetland is 2400 m2, while the 
area of the catchent is 24000 m2. 

Deep soi1 nost (1-2 m) in the slope in early sprïng reduces the infiltration capacity, and 
hence causes large snowmelt runoff into the wetlands (Woo and Winter, 1993; Woo and 
Rowsell, 1993). The snowmelt water infiltrates and forms a mound cf groundwater under the 



wetlands, and hence causes divergent subsurface flow (Fig. 4.3). The majority of the divergent 
flow occurs in the zone between the water table and the oxidation &ont, in which the oxidued 
glacial till has high hydrauiic conductivity due to weil-developed k t u r e  network (Keller et 
al., 1989). The unsaturated hydrauiic conductivity is orclers of  magnitude smailer than the 
saturated value, and the flow direction is mostly upward in the vadose zone due to 
evapotranspiration. The saturated hydraulic conductivity decreases by severai orders of 
magnitude in the unoxidized till, and the fiow direction is mostly downward recharging the 
underlying aquifer. In this paper, the groundwater recharge is defined as the flux of water that 
enters the aquifer and eventuaily leaves the catchment, The downward flux of water across the 
water table is not considered groundwater recharge, because the water can be transferred 
horizontdly and consumed by evapoûanspiration elsewhere within the catchment. 

Soluble salts are nearly absent under recharge wetlauds, because the large infiltration of 
snowmelt and rain water removes the salts h m  under the wetlands (Fig. 4.3). A portion of the 
salts is transported to the slope by divergent flow, and accumulates in the top soil (Mills and 
Zwarich, 1986; Stolte et al., 1992), while the rest is transported down to the aquifer by 
groundwater recharge. The accumulation of the saits in the midde to top slope is delineated by 
the soil electrical conductivity (Fig. 4.4). The snowmelt runos Ieaches a portion of the 
accumulated salts nom the slope, and transport it to the wetland (Knuteson et al., 1989). 
Therefore, the salts are cycled between the wetland and the slope. 

Chloride is reasonably conservative in the glacial tills, and the atmospheric deposition is 
the only source of chloride in the catchment that is capable of sustaining steady input in 
geological t h e  scale (Fig. 4.3). Chloride leaves the system at the bottom boundary with the 
groundwater recharge. Because the groundwater recharge is reasonably steady, the chioride 
input and output becomes balanced in long time d e .  This situation is similar to a completely 
mixed reservoù at the steady-state concentration, except that the muring is incomplete and 
chloride is unevenly distributecl in the system (Fig. 4.3). Noting that the groundwater recharge 
is the only mechanism of chloride output, and that we can estimate chloride input with 
reasonable accuricy; we can estimate gmundwater recharge, if we know the average 
concentration of chloride in the groundwater entering the aquifer. A similar principle is 
commonly used to estimate evapotranspiration in foresteci catchments in which atmosphenc 
chloride is cycled between soii and plants, and discharged eventuaUy into a single Stream that 
leaves the catchment ( h g  and Johnson, 1967; Pack and Hurle, 1973; Peters, 199 1; Classen 
and Halrn, 1996). 

To estimate the concentration in the output flux, suppose there is an imaginary steel plate 
dong a part of the oxidation fiont that is under the top slope in Figure 4.3, and hence the water 
that leaves the system at the bottom boundary is completely separated from the region of 
chloride accumulation. Clearly, the average concentration in the output flux is equal to the 
concentration in shailow groundwater under the wetland. When the steel plate is removed, the 



groundwater under the top dope interacts with the region of chioride accumulation; thecefore 
the average concentration in the output flux is no longer qua1 to the concentration under the 
wetland. The objective of the modelhg is to examine how the concentration under the wetland 
is effected by changes in flow and transport parameters. 

Site characteristics 

The following is a summary of the site characteristics presented in Chapters 2 and 3. Mean 
annual precipitation is 360 mm, of which 84 mm occurs in winter as snow. The historical 
record (1979-1996) of the spring water Ievel in the wetland indicates that the effective 
snowmelt m o f f  that reaches the wetland in the average year is IO-30 mm. The distriiution of 
snow water equivalent immediately before the snowmelt period in 1994 was roughly 
symmetrical about the center of the wetland (Fig. 4.5). Assuming the radial flow of snowmelt 
runoff, the amount of water that flows over a given point in the entire mowmelt period is 
calculated fkom the snow water equivalent, and defineci as the cumulative snowmelt runoff 
(Fig. 4.5). Surface runoff is rarely caused by summer Storm events. 

The saturated hydraulic conductivity, K,, estimated h m  the basic t h e  lag (Hvoalev, 
195 1) of piezometers shows distinct zoning due to fhctures (Fig. 4.6). Discontinuous sand 
lenses have high Km A thin (0.3 m) but continuous clay layer at the depth of 8 m must have a 
lower K, than the glacial till because the hydraulic gradient observed in the field dramatically 
increases within this clay layer. 

Unsaîurated fiow parameters have large spatial variation. For example the relationship 
between the moisture content and the matrïc potential head measured at a nest of tensiometers 
and time domain refiectometry (TDR) probes in the middle of the transect BC showed that 
variation of unsaturatecl flow parameters with deptti existeci even at a single site (Fig. 4.7). 
Nevertheless the relatiomhip is assumed to be represented by a simple moistwe retention 
fiuiction (van Genuchten, 1980), which has five fitting parameters; the satrnated moisture 
content (O,), the residual moisture content (8,). a parameter related to the height ofcapillary 
h g e  (a), and two dimensionless parameters (n and m). The two dirnensioniess parameters are 
related by m = 1 - l/n (van Genuchten, 1980, Eq.22). The O,, decreases with depth as the till 
becomes more consolidated. The B,, estimated h m  the gravimetric moisture content of till 
sarnples is in the range ofO.42-0.48 near the sutface and decreases to 0.26-0.30 at depths 
greater than 10 m. Based on Figure 4.7 and other field data, we assume that 0, (= 0.06) and a 
(= 2 m-') are constant, and that n = 1.25 in the shallow soi1 (c0.6 m), and n =l. 15 in the till. 

The average subsudace flow field is expected to be similar to the flow field observed in the 
summer of 1994 (Fig. 4.8). The dense contours at the depth of 8 m reflect the low hydraulic 
conductivity of the clay layer. The vertical hydrauiic gradient below the clay layer is nearly 
constant throughout the year. The groundwater recharge estimated fiom the hydraulic gradient 



and conductivity is 1-3 mm yf'. The net infiltration in the wetland in 1994 was estimated to be 
479 mm. Chapter 2 showed that the summer preçipitation and evapotranspiration in the 
wetland have sïmilar magnitude, and hence the net infiltration is controlled by the amount of 
effective snowmelt moE Considering the relative magnitude of the snowmelt runoff in 1994 
(45 mm) and the average year (10-30 mm), the net iafilttation in the average year is expected to 
be 110-320 mm. It shouid be noted that the seasonal fluctuation of the flow velocity and 
direction is neglected in the average fiow field, but it has important effects in the dispersion of 
chloride. 

Precipitation-weighted wet deposition of chloride estimated h m  the CAPMoN data base 
(Ro et al., 1995) is 0.041 mg r' . The studies in the interior North Amenca indicate tbat the dry 
deposition is ùisignificant (Vet, et al., 1988; Classen and Halm, 1996), or oniy a small fraction 
of the wet deposition (Shepard et al., 1989). as long as the site is away from salt lakes. 
Therefore, we assume that the total atmospheric input of chioride is equal to the wet deposition. 

Pore water chlonde concentration dong the transat BC is shown in Figure 4.9; the model 
must produce the concentration patterns similar to this. Remenda (1993, p.68) showed that the 
glacial till that had not been affected by post glaciation water had 20-40 mg 1'' of pore water 
chloride for al1 four of her study sites across the northern prairie region. Her sites were located 
on relatively flat landscape, not on undulating terrai.. However, it is reasonable to expect that 
glacial tills under the continental ice sheet had similar pore water chioride concentration. 
Therefore, we assume that the pore water concentration in the glacial tili in the shidy site was 
3 0 mg 1-' when the 1st glaciers retreated (1 0,000 years ago). 

Mathematical model 

Basic idea 
We will formulate a mathematicai model of a recharge wetland that incorporates the 

essential characteristics of transport processes to answer two specific questions; (1) what is the 
relationship between the groundwater recharge and the chloride concentration under the 
wetland ? (2) how is this relationship affected by changes in hydrologic conditions ? 

Exarnining the concepaial mode1 of chloride transport (Fig. 4.3), the spatial variation of the 
subsurface fiow velocity vector is criticaîiy important, and this point wili be stressed in the 
mathematical model. In contrast, seasonal and year-to-year variation in the subsurface flow is 
averaged out and steady-staîe condition is assumed, because the problem is fomiulated in 
geological time scale to examine chlonde distributon in the field that has been slowly formed 
over many years. The effects of small time scale variation in hydrologic condition should 
appear as dispersion of chloride in large time scale, in the same way as the effects of micro 
scale variation in flow velocity appear as dispersion in macro scale (Scotter and Raats, 1968; 
Goode and Konikow, 1990). 



Mode1 domain and goveniing eqzuztions 
Topography and chloride distri'bution is mughly symmetrical about the center of the 

wetland (Fig. 4.4); therefore, a radiai cross section represents the catchment (Fig. 4.10). The 
left side of the domain is the axis of symmetry, the nght side is the catchment boundary, and 
the bottom is the aquifer. The domain has a l a y d  structure reflecting the variation in Km 
(Fig. 4.6). 

The subsurface and surface transport ofchloride are the essential processes to be modeiied. 
The subsurfhce eansport is described by a standard advection-dispersion equation; 

where 8 (x) is the moisture content, C(r,t) (kg m-3) is the concentration, V is the differential 
operator in cylindrical coordinates, De(=) (mZ S-') is the dispersion coefficient tensor, and ve(x) 
(m S-') is the flow velocity vector. The transport equation is written for the equivalent porous 
media (Berkowitz, et ai., 1988; McKay et al., 1993), because the scaies of our problem (1 0'- 1 O' 
m) is much larger than the hcture spacing (10" m) common in this region, and also because 
the time scale is large. 

The surface transport process involves tramfer of chloride mass fiom the soil near ground 
surface to runoff water. Laboratory studies (Ahuja and Lehman, 1983) of short duration (60 
min) stoms showed that the mass transfer occurred fiom a thin (c 2 cm) mixing layer in the 
top soil to the overlying sheet of water (Fig. 4.1 l), and the mass transfer flux was approximated 
by (Ahuja, 1990, Eq. 4b) 

J =  R(C, -CM) ô RC, (4-2) 

where J(x, t) (kg m-2 S-') is the mass flux density, R(x) (m s*') is the runoff rate, Cs@, t) (kg m- 
3, is the concentration at the soil surface, Cm,is the concentration in the runoff water that is 
assumed to be negligible. This assumption, CmF= O, is introduced to reduce the complexity of 
the mode1 dramatically, even though Cmflincreases toward the center of the catchment in 
reality. We propose that Eq. (4.2) descnies mass transfer by snowmelt runoff. However, the 
time scale of the modelling is diffient fkom that of the laboratory experiments. To stress this 
point, (4.2) is re-written with a generic mass -fer coefficient k (m i'), rather han the runoff 
rate. 

J = kC, (4-3) 

Equation (4.3) is applied to the slope portion, a W2 , of the top boundary (Fig. 4.10) to 
calculate the m a s  flux f?om subdace  to surfiace. The total mass, MT (kg s"), IeaWig the 
slope is given by 



which is transferred to the wetland portion, d Wl , of the top boundary (Fig. 4.10). Therefore the 
-2 -1 mass flux density in the wetland, J, (kg m s ), h m  surface to subsufface is given by 

J , = M , I A ,  (4-5) 

where A, (m2) is the area of the wetland. 
The dace-subsurfâce transport cycle of chloride is completely descriid by a set of Eqs. 

(4.1)-(4.51, once the coefficients d the initial and boundary conditions are specified. 

Estimation of the coeflcients: subsurface transport 
To specifl the flow velocity vector and moisture content in Eq. (4.1), the steady-state flow 

equation in variably saturated porous media 

is solved with appropriate boundary conditions, where h (m) is the matric potentiai head, and 
K(h) (m s") is the hydraulic conductivity. The hctional fom of K(h) is given by the equation 
developed by van Genuchten (1980). The solution of Eq. (4.6) gives hydraulic head and 
moisture content in the simulation domain. The flow velocity vectors are calculated by 
multiplying the hydraulic gradient by the hydrauiic conductivity and moisture content 
Majority of flow in saturated glacial till likely occurs in h c t u r e s  (Keller, at al., 1988), however 
the explicit treatment of discrete fractures is out of the scope of our study. The flow velocity 
calculated fiom Eq. (4.6) represents the velocity in the equivalent porous media, which is the 
product of the hcture velocity and the ffacture porosity divided by the total porosity (van 
Genuchten and Dalton, 1986). 

The effective longitudinal dispersion coefficient in the equivalent porous media is 
estimated from the hcture spacing and the average flow velocity using a simplified fom of 
van Genuchten and Dalton's (1986, Eq. 49) equation; 

where De (m2 s") is the effective dispersion coefficient, L is the halfdistance between parallel 
2 -1 hctures, v, is the average flow velocity, and Da (m s ) is the matrix diffusion coefficient. 

Equation (4.7) suggests the longitudinai dispersivity, aL (m) for the equivalent porous media: 

a = L2ve / 3lIa (4.8) 

Keller et al. (1988) reported fiacture spacing, 2L, in a similar glacial till to be 0.3-0.8 m, 
-10 2 -1 therefore we assume 2L = 0.5 m. Remenda et al. (1996) estimated Da = 1.7 x 10 m s for 

~ ~ " 0 ,  and we use this value for chloride. The longitudinal dispersivity is evaluated in each 
f i t e  element (descnied later) using the velocity calculated h m  (4.6). Equation (4.7) is 
derived for plane h t u r e s  paraiiel to the direction of flow. The fhcture network in the tiil is 
much more cornplex, and Eq. (4.7) should be regarded as a crude approximation of the natural 



systern. For the same reasoa it is impossible to accurately predkt the transverse dispersivity, 
hence it is arbitrarily assumed to be one-tenth of ab based on a review of studies in sand and 
grave1 quifers (Gelhar et al., 1992). 

The dispersivity given by Eq. (4.7) assumes the steady-sate flow without short-term 
osciliations. Scotter and Raats (1968, Fig. 2) showed that the magnitude of the mactoscale 
dispersion in periodicaiiy oscillating flow field increased with the amplitude of oscillation. Our 
field observation showed that the oscillation was almost absent in the vertical flow zone below 
the oxidation front, while it was significant in the horizontal flow zone and in the vadose zone. 
Therefore, the dispersivity estimated by Eq. (4.8) is muitiplied by a fztor, f!, greater than one 
to account for the enhanced dispersion in the zone above the oxidation front. 

The magnitude of is clifficuit to estimate. For an ideal sinusoida1 oscillation, extendhg 
Scotter and Raats' ( 1  968, Eq. 10) analysis, it can be shown that; 

p =l+2a,  / R V ,  (4.9) 

where oo (rn é') is the amplitude of flow velocity oscillation. The rate of summer 
evapotranspiration in the wetland is in the order of several millimeters per day (Chapter 21, 
hence several hundreds to thousands millimeters per year, which is several to ten times larger 
than the annual average infiltration rate. Therefore, a. / v, is in the order of 1-10, and we 
assume p to be in the order of 1-1 0. 

Esthution of the coelfiients: suface transport 

Equation (4.2) descnies the mas  ûansfer process, when it is used in the actud time scale 
of the experiments (Ahuja, 1990). Our mathematical mode1 averages out the seasonal 
fluctuation of hydrologie condition, hence is not formulateci in the actual time scale. To 
examine the effects ofaveraging, each tenn in Eq. (4.2) is separated into the average and 
fluctuation parts; e.g. J(t)  = 7 + J' ( f )  . Taking the mathematical expectation of both sides of 

Eq- (4.21, - 
J = R C  +R'c,' (4.1 O) 

where the 1st term is the correlation between R and Cr Clearly, the runoff rate is highest in the 
snowmelt period (Z> O ), while the concentration in the soii sucfixe is lowest in the same 
period (Cs'< O). Therefore, the correlation is negative, and we can write - - z=y  R C, = k c  O S y  I l  (4.1 1) 

where y is a dimensionless variable representing the t h e  scaling effect. Equation (4.1 1) shows 
that the magnitude of k is generally smaiier than the average runoff rate. 

In a loose sense, y represents the mass transfer efficiency of runoff. It must be close to 1, if 
the runoff is constant throughout the year. In the northem prairie region, however, the 
efficiency is low because the chioride in the surface soi1 is washed away in the beginning of the 
snowmelt penod, and moff  in the rest of the snowmelt period does not contribute to mass 



tramfer. Note that y is a hc t ion  of r in general, because the cumulative runoff rate increases 
toward the center of the wetland (Fig. 4.5). However, we assume y is uniforni over the solution 
domain, and will test the vaiidity of this assumption in the sdt iv i ty  analysis. 

Flow bounhry conditions 
The boundary conditions for the flow equation are listed in Table 4.1. Two side boundaries 

have no flow, while the bottom boundary has constant hydrauiic head, hT= -52 m, based on 
field observation. The d a m  of the head is at ground d a c e  in the center of the wetland, or the 
top left corner of the model domain. The specified flux boundary condition at the top of the 
domain requires a detaiied explanation. 

Because it is impossible to accurately meanire the boundary flux in the field site, we guess 
the top boundary flux functions (FBC1-3 in Fig. 4.12) using the water balance of the 
catchment We admit the arbitrariness of the hctiom, and will show later in the sensitivity 
anaiysis that changing spatial distri'buton of boundary flux does not a make significant 
difference in chloride concentration under the wetlaad. Based on the site characteristics, the net 
infiltration in the wetland is assurned to be 167 mm y f  ' for FBC 1 and FBCZ, and 104 mm y-' 
for FBC3. Note that the net infiltration is smdler than the actuai infiltration due to high 
evapotranspiration in the summer. Part of the infiltration contributes to the groundwater 
recharge, assumed to be 2 mm y-', while the rest is coasumed by the evapotranspiration in the 
siope. Therefore, the totai boundary £lux in the dope has to be upward with the magnitude 
equal to the difference between the total net infiltration in the wetland and the total 
groundwater recharge. 

The upward flux is hi& in the bottom slope, decreases outward, and becomes slightly 
downward in the top slope (Fig. 4.12). The hydraulic head distri'bution, particularly the location 
of the water table, is sensitive to the distrifiution of the upward flw. Therefore it is possible to 
estimate reasonable flux distributions by matchhg the simulateci water table to the observed 
water table, as described later. To reflect the plant mot uptake, which is the majority of 
evapotranspiration, the top boundary flux is uniformiy distri'buted in a 0.8 m thick root zone as 
intenial source and sink. 

Transport boundary conditions 

The transport boundary conditions are listed in Table 4.1. Two side boundaries have no 
flux, while the bottom boundary condition has a zero-gradient of concentration. Frind (1988) 
pointed out that the zero-gradient boundary may cause emneous behavior of the solution when 
the solute plume reacheà the boundary. Results of test simulations using a deeper domain (50 
m) for which the chloride plume did not reach the bottom boundary were essentially same as 
the ones using the regular domain (Fig. 4.10) for which the plume did reach the boundary. 
Therefore the zero-gradient boundary condition was considered appropriate for our model. 



The top boundary receives the atmospheric input of chlonde, which is unifonn and 
assumed to be the product of the precipitation-weighted wet deposition (0.041 g m-3 and 
precipitation (0.36 m yr"). in reaiity, the atmospheric chioride is transporteci by idiitration to a 
certain depth in each stom event, and gradually transported ba& to the suffie by evaporation 
or enriched in the mot zone. To acwunt for these processes, which is ignored in the steady- 
state flow mode1 the atmospheric input is unSormly distnauted in the root zone as intemal 
sources. The bounckuy flux due to the mass transf'er (Eqs. 4.3 and 44), is superhposed on the 
atmosphenc boundary flux. 

Transport initial condition : squrution of dutions 
Noting that the transport boundary conditions are homogeneous except for the top 

boundary, the solution can be separated into two parts Ùsing Duhamel's principle (Guenther 
and Lee, 1988, p.110). 

C=C,+C, (4.1 2) 
The first part, CI, is the evolution of the initial distribution, and the second part, Ca is the 
transient response of the system to the atmospheric forcing. 

The first part of the solution is obtahed by solving Eqs. (4.1)-(4.5) without atmosphenc 
input of chlonde, using the initiai condition; Cl(x,O) = Co. The second part is obtained by 
solving the same equations with the atmospheric input, using the initiai condition (x,O) = 0. 
The combined solution, C(x,t), satisfies Eqs. (4.1)-(4.5) and aii boundary conditions listed in 
Table 4.1, as well as the initial condition; C(q0) = Co. 

We now define dunensionless concentrations 

c,' =c, /c, c?' =qC2 / PC,, (4.1 3) 

where q (m s-') is groundwater recharge rate, C, (kg m-3 is the precipitation-weighted wet 
deposition, and P (m S-') is the precipitation rate. The concentration C .  roughly Micates the 
mass Ieawig the system h m  the bottom boundary divided by the mass entering the system 
fiom the top boundary, wwhi the meanhg of cl* is obvious. Once the equations are solved for 
cl* and ~ z ' ,  solutions for any arbitrary combination of Co and PCdq can be immediately 
obtained fiom Eqs. (4.12) and (4.13). 

Numerical methoh 
The equations are soivecl by finite element methods using a FORTRAN pmgram based on 

Princeton UNSAT-2D developed by Celia et al. (1990). The vertical spacing (&) of triangle 
finite elements is 0.1 m at the top of the domain, and gmdually increases to 2 m at the bottom. 
The horizontal spachg (Ar) is 4 m at the le& end of the domain, decreases to 1 m in the 
transition zone h m  the wetland to the slope, increases to 2 m in the middie slope, and 
increases to 5 m in the top slope. 



Equation (4.6) is solved first to generate velocity vectors and dispersion tensoa used in Eq. 
(4.1). Equations (4.1 H4.5) are solved separately for C, and CF The grid Peclet numbers (Daus 
et al., 1985) are mostly less than 2, but become as large as 8 in part of the domain. The time 
step At = 100 days was used in several traasport solutions to ensure the grid Courant number 
(Daus et al., 1985) was less thau 1. The solutions with At = 100 days and the same solutioos 
with At = 10000 &YS, however, showed no diffetence in long term (t > 500 yr) behavior. 
Therefore, the solutions used for the sensitivity analysis are obtained with At = t 0000 days. 

The f o d a t i o n  to couple surface and subsurfâce transport equations is developed 
specifically for our model, hence special numetical algorithms are required to incorporate them 
to the standard Galerkin method used in WNSAT-2D. The special schemes essentialiy make 
long range connections between the slope nodes and the wetland nodes (Fig. 4. IO), details of 
which are descn'bed in the end of this chapter. The application of the new method for çurface- 
subsurface coupling is not limited to the case that involves only one wetland and catchent. 
The rnethod simply extends to the cases that involve many wetlands in a given region in three- 
dimensional setting. 

The concentration of chloride in the shallow (c 0.5m) wetland sediments is expected to be 

reasonably uniform because the pond water easiiy mixes with water in the soft and organic-rich 
sediments. To represent this process, line elements with several orders of magnitude higher 
dispersion coefficients than the triangular elements are placed on the surface (d W,) and in the 
top 0.5 m of the wetland part of the domah (Fig. 4.10). The numericd algorithms to install line 
elements were presented b y Sudicky et al. (1 995) and VanderKwaak and Sudicky (1 995). 

Results 

Subsur$aceejlow velociiy vecturs 
Solutions for Eq. (4.6) with three top boundary flux fûnctions (FBC 1,2 , and 3) indicated 

divergent flow fields with sbrong horizontal flow in the zone between the oxidation fiont and 
the water table. Figure 4.13 shows the solution with the fiinction FBC 1. The position and slope 
of the water table obtained with FBCl was reasonably close to the water table observed in the 
field Big. 4.8). The function FBC3 gave similar water table location, but FBC2 gave the 
steeply declining water table that was considerably different h m  the field observation. 

The difference between FBCL and FBC2 is the relative distribution of upward flux (Fig. 
4.12). Noting that the catchment has radiai flow pattems, increasingly steep hydrauiic gradient 
is required to maintain the fiow of water nom the wetland to the top slope. At the same t h e  
the thickness of the high conductivity zone9 between the water table and the oxidation fkont, 
decreases as the water table becomes deep, which increases the gradient even more. From this 
observation, we choose FBCl for the base case setting and compare them to the simulations 



using FBC2 and FBC3. This procedure is necessary, because the average boundary flux 
functions are based on qualitative field data, thus have a large degree of uncertainty. 

A large unceaainty also exits in the choice of parameters for moisture retention hctions. 
A flow velocity field similar to Figure 4.13 can be obtained by solving Eq. (45) with different 
combinations of boundary conditions and moisture retention hctions. However, for the 
analysis of chloride transport in the thne scale of 10) years, it is enough to have a simulateci 
flow velocity field sirnilar to the average flow velocity field obsmed in the study site. 
Therefore, it is not necessary to uniquely determine the bouudary conditions and moistwe 
retention fiinctions. 

Vaiidity of steady-state flo w assumption 
The steady-state flow velocity field (Fig. 4.13) will be used to determine the coefficients in 

Eq. (4.1) in the following sections. We assumed earlier that the effects of short-term variation 
in the flow field appear as dispersion, thus do not change overall subsurfiace distribution of 
chloride. To justiQ our assurnption, we solve the flow and transport equations simultaneously 
with seasonally changing top boundary flux, and compare the d t s  to the solution obtained 
by assuming the steady-state flow. For the seasonally changing flow case, the value of 
enhanced dispersion factor is set at P = 1, while several values of P > 1 is used for the steady- 
state flow cases to examine the sensitivity of the solution to P. 

Simultaneous solutions of transient flow and transport equations, similar to our mode1 was 
aiso presented by Stolte et al. (1992) to simulate short-tm transport of salts in the recharge 
wetland studied by Milis and Zwarich (1986). 

The seasonaliy changing boundary flux is generated by multiplying the boundary flux 
hction FBCl by the factors listed in Table 4.2. For example at the center of the wetland the 
flux is zero in winter (November - Februaty), +34û mm yf' in spring (March - May), +500 mm 
yr-' in surnmer (July - September), and -60 mm yr'' in fdl (October - November), while the 
average flux is +2ûû mm y''. DBerent sets of factors are used for the wetland and the slope 
portion of the bounciary (Table 4.2). To avoid numerical instabiiity arising fiom having 
singular points (sources and sinLs) in the mot zone, the boundary flux for the flow simulations 
in this section is applied to the boundary surface for both seasonally changing and steady-state 
cases. 

When the first part of the solution, c,', is examine& the best match between the solution 
with seasonaüy changing flow field (Fig. 4.14a) and with the average flow field (Fig. 4.14b) at 
t = 20 yr is obtained when = 2 is used in the latter. This value is consistent with the 
theoretical prediction using Eq. (4.9) and the relative magnitude of maximum flux to the 
average flw (Table 4.2). The simulation with seasonaiiy changhg flow that used the adaptive 
time steps required approximately 70-800 times longer computation t h e  than the one with 
the average flow that used the constant time steps of At = 10 &y. 



The actual amplitude of oscillation in the field is expected to be larger than the vaiues listed 
in Table 4.2, which is used to dernomte the effects of seasonai variation without causing 
numerical instability. Therefore f3 = 5 is used in the base case setting, and otber values are used 
to examine the sensitivity of chloride distniution to the flow oscillation. 

Fute of initial rnass 
The solution for c,' with the base case setting (Table 4.3) shows that chloride accumulates 

in the slope in early stage (t = 20 yr) of the transport process (Fig. 4.14b). Similar resuits were 
reported by Stolte et al. (1992). The accumulation in the slope, however, is a temporary 
phenornena, and chlonde is eventually (t = 4000 yr) transported downward by slow advection 
(Fig. 4. Mc). The same resdts are obtained for many different combinations of parameters and 
functions (Table 4.3). This indicates that the chlonde we observe in near surface soi1 (Fig. 4.9) 
is not the relict of the mass that was in the area in the beginning of the post glacial period 
(10,000 years ago). 

Amtospheric input of chloride 
The solution for 6 with the base case setting at t = 4000 yr shows a patch of hi& 

concentration in the midde to upper slope (Fig. 4.14d). The similar pattern is obtained when y 
is increased to 2, but the intensity of chloride accumulation is much weaker (Fig. 4. Me). The 
ratio of the concentration in the wetland to that in the slope is similar to the field value in the 
former case, but not in the latter. The simulated chIoride distribution that is consistent with the 
field data (Fig. 4.9) is obtained for the range of y between 0.05 and 0.5. The change in other 
parameters and fbnctions o d y  has minor effects in the patterns of chlonde distribution. 
Changing the values of y with r also has only minor effects; therefore the assumption of 
uniform y over the domain is justifïed. 

The values of y is smaller than 1 as predicted by theoretical anaiysis. However, it is difficult 
to attach a pbysicai meaning to the range of y, 0.05-0.5. The simple mass transfer equation 
(4.2) is a highly idealized description of cornplex physical processes such as overland flow and 
interfiow during the snowmelt period, plowing in the spring, ulfiltration and evapotranspiration 
in the summer, activity of aaimals, and numemus other processes. Understanding of the mass 
transfer processes will require detailed field investigations of each specific process, which is 
out of the scope ofthe current study. 

The evolution of chlonde distribution is characterized by the change in concentration under 
the wetland (Fig. 4.1 5). Regardless of the choice of the parameters and fiinctions, near stable 
concentration is reached in 2000-3000 years. Chapter 3 showed that chloride may be affected 
by mild retardation (retardation coefficient less than 2). The retardation will increase the tirne 
to reach stable concentration, but it will not affect the final value of concentration. Similady, 



the concentration patterns that develops in geologicai tirne scale wiii not be altered by the miid 
retardation. 

Using the base case parameters, hence using the solutions shown in Figs. 4-14 and 4.144 
the simulated concentration (Fïg. 4.14f) is matched to the field data by setting Co = 30 mg 1-', 
C' = 0.04 mg rl, and P = 360 mm yr-' in Eqs. (4.12) and (4.13). The chloride mass near the 
ground surface in the rniddle to upper slope is of atmospheric origin, while part of chloride 
mass near the nght bottom corner of the solution domain is the relict of the initial rnass. 

Concentration under the wetland 
The flow boundary flux fûnctions and the enhmced dispersion (f3) due to flow oscillation 

are the major unknowns in our model. When the value of is fked at 5, the choice of flow 
boundary flux funcrions has minor effects on the relationship between y and 6 under the 
wetland (Fig. 4.16a). Similady, when the boundary £lux bction FBC l is used, the 
relationship between y and C; is only weakly affected by change in for y > 0.0 1 (Fig. 4.16b). 
Therefore, the sensitivity of the chioride concentration under the wetland to the parameters 
with the Iargest uncertainty is low, and the resuits of the numerical analysis may be valid under 
reasonab ly general hydrologie conditions. 

Discussion 

Chloride concentration rrnder wetlands 

In the range of y (= 0.05-0.5) that gives the simulateci chlonde distribution consistent with 
the field results, -' under the wetland takes the value 0.5-0.8 (Fig. 4.16). The vdue will 
approach one, if y becoma large enough. For C; = 1 recalling Eq. (4.13), we have 

C, = C , P / q  (4.14) 

which describes the enrichment of chloride in precipitation by evapotranspiration in a 
completely mixecl system (Eriksson, 1955, Eq. 1). As stated in the conceptual model, Eq. 
(4.14) will also hold in the incompletely aoixed system of the wetland and slope, if the 
groundwater recharge flux does not interact with the region of chloride accumulation, and 
hence the average chioride concentration in the recharge is quai to the concentration under the 
wetland. 

In our simulations, the recharge flux does pick up chloride under the top slope, and hence 
the concentration under the wetland is lower than the average concentration in the output fiux. 
The deviation of C< h m  the ideal value of one becornes more significant, when the intensity 
of chioride accumulation uicreases due to low efficiency (y) of the mass transfer by snowmelt 
runoff (Fig. 4.16). Because the flow direction is upward in the region of high chionde 
concentration, dispersion must be responsible for tramferring chloride fiom the high 



concentration region to the underlying downward flow zone. However, dispersion also spreads 
the chloride in the top zone horizonWIy, thus weakens the intensity of chloride accumulation. 
Therefore, the deviation of C; h m  one is smaller for larger value of in Figure 4.16b. 

Chloride as an indicator of grounàwater reduage 
The mass transfer efficiency y is nlated to the seasonal distribution of nmoff flux In the 

northern prairie region, where most of the surfa;ce moff occurs in snowmelt penod, the value 
of y is expected to be in the similar range (0.05-0.5). Therefore, w e  suppose that C: under 
recharge wetlands in this region is in the range of 0.5-0.8, and the groundwater recharge in a 
catchment containing a wetland is estimated h m  

05PCp / c q < 0.8 PC, / C, (4-19 

where in this inequality is the shdow groundwater concentration under the wetiand. The 
estimated groundwater recharge should represent the average over 1s t  1000-2000 years. The 
concentration of chlonde under the presently studied wetland is approximately 5 mg l*'. 
Assuming C,, = 0.04 mg 1-' and P = 360 mm #, the estimated groundwater recharge is 1.4-2.3 
mm y?, consistent with the value estimated from the hydrauiic gradient and conductivity (1-3 
mm yr-'). 

A survey of previously studied recharge wetiands across the northern prairie region (Fig. 
4.1) shows that chloride concentration in shaliow groundwater under the wetlands fds in a 
narrow range with the average of 5.8 mg 1-' (Table 4.4). The annual precipitation in these sites 
is in the range of 360-450 mm, hence the wetiand-focused groundwater recharge estimated 
fkom (4.15) is in the range of 1-5 mm yfl. The estimation of wetland-focused groundwater 
recharge in these snidies (Table 4.4) were mostly based on the analysis of hydraulic gradient 
and conductivity measured in a small number of piezometers, or the response of water table in 
a small number of water table monitoring welis to recharge events. It is difficdt, however, to 
represent hydrologic parameters of a large catchment by a s m d  number of data points. 
Therefore part of the large variation in recharge rate is k e l y  due to the error in estimation. 

The strikiagly similar chloride concentration in groundwater under maay prairie wetlands 
may indicate that the groundwater recharge rate is not as variable as previously thought. Under 
sirnilar climatic condition acmss the prairies, the soüs and vegetation perhaps adjust the 
evapotmnspiration rate to result in the gnoundwater recharge in order of 1-5 mm yr-' regardless 
of other conditions such as hydmulic conductivity of tills or the depth to local aquifers. 

Conclusions 

The hydrologic interaction between a recharge wetiand and the surrounding slope is 
reasonably well approximated by the solution of the steady-state flow equation. The flow 



velocity vectors generated by the fiow equation are used in the advation-dispersion equation, 
which is coupled with an equation to descni mass transfer of chloride h m  the surface soi1 to 
snowmelt runoff. The coupled transport equations have solutions simila. to the field &ta, when 
the mass eaasfer coefficient is 0.05-0.5 of the average snowmeit runoE Therefore, the 
mathematical mode1 repfesents weii the transport pmesses induced by the wetland-focused 
groundwater recharge. 

The system of a recharge wetland and its catchent receives the hput of atmosphenc 
chloride, which is enriched by evapotranspiration whiie cycled in the system by subsurface 
fiow and snowmelt ninoff, and eventualiy transporteci to the underiying aquifer. The input and 
output becomes balanced in geological t h e  sale (lo3 years), and the subdace  chloride 
achieves stable distriiution. At this stage, the concentration in shailow groundwater under the 
wetland is slightiy smaller than the average concentration of the groundwater recharging the 
aquifer. The ratio of the concentration under the wetiand to the average concentration in the 
groundwater recharge is 0.5-0.8, when the mass transfer coefficient is in the reasonable range. 
Therefore, we can estirnate groundwater recharge by dividing the atmospheric input by the 
concentration under the wetland times 0.5-0.8. 

The chloride method is an attractive altemative to water balance or hydraulic gradient 
methods, because it is not iufiuenced by spatiai heterogeneity within the catchment or the 
errors in measurement of evapotraaspiration, in addition to its simplicity. When the chlonde 
method is applied to previously published case studies across the northem prairie region, the 
estimated values of groundwater recharge faü in a surprisingly smaii range (1-5 mm yr-'). 
While the method ne& more field testing, these preliminary resdts suggest that the 
groundwater recharge in the northern prairie region may not be as variable as previously 
thought. 

The solution of Eq. (4.1) is approximated by a triai bc t ion  

using the finite element method (Huyakom and Pinder, 1983, Eq. 2.4.1.2; hereafter HP83), 
where c, is the nociai concentration at Jth node, and Nj is the basis fwictioa. Applying the 
Gaiericin method to Eq. (4. l), we get a set of ordinary differential equation in a matrix form 
(IIP83, Eqs. 5.6.2.8a-d) 

CQIWI(I ++[wI +VI +rw4 = O  ( 4 - w  
The 1s t  term on the left hand side of Eq. (4A1) is a new tenn that represents the transport of 
chloride by suowrnelt runoff, which operates independently from the externally given boundary 



condition m. For example V} may represent the atmospheric input of chlonde, while [FJ 
represents the surface path of chloride cychg. The enîry of matrices and vectors are given by 

where summation is applied to elements (e), and volume (dV) and area (&) integration is 
applied to each element (WC). The OJ is the volumetric moisture content at Ah node, 8 is the 
elemental average moisture content, G is the strength of source (negative) or sink (positive), 
and ni is the ith component of the outward unit normal vector. Note that Eqs. (4.A3) and (4.A4) 
are slightly different nom the equations in HP83, because Green's theorem is applied to both 
advection and dispersion temis in our fomulati011, 

The new matrix [F] is evaluated dBerently in the wetland (8 W,) and slope (d Wd part of the 
top boundary (Fig. 4.10). For those rows representing the nodes in the slope, Eq. (4.3) is used 
with the Gaierkin method to give 

where av2 denotes the boundq of each element which is also a part of the slope. Note that 
Ith row of the mat& resulting h m  Eq. (4&) has non-zero entries in ody those columns 
representing the nodes that share a face (or side in two-dimensional case) of an element with 
Ith node; short range connection. 

The total mass flux from the slope is given by Eq. (4.4); therefore, in the Galerkin method 

The totai flux is distnbuted over the wetland area as an input tlux (Eq. 4.3, therefore for those 
rows representing the wetland part of the boundary 

Note that the Ith row of matrix resulting fbm Eq. ( 4 . 4  has non-zero entries ia columns 
representing the nodes in the slope that are many elements away h m  the Ith node; long range 
comection (Fig. 4.10). The equations are derived in Cartesian coordinates for the clarity of 
presentation, but it is straight-forward to formulate the problem in cylindrical coordinates 
(HP83, p.113). 
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Table 4.1 Extemal bomdary conditions for numerical shulatioas. Intemal boundary 
condition that represents Surface mass flux is also used for the transport simulation. 

- - - -  - - - - - - - - - - - - - . - - - 

Flow simulation Transport simulation 

TOP 
Specified flux (Fig .4.1 O) Specified flux 

average recharge = 0.002 m yf' flux = 0.015 g mo2 

Sides No flux No flux 

Bottom Specified head (uniforni) 
h = -5.2 m 

Table 4.2 Seasonal variation of the top boundary flux for the flow equation. The values listed 
in the table are the relative magnitude. The boundary tlux is determined by multiplying the flux 
hctions in Figure 4.12 by the relative magnitude. 

- 

Period Wetland Slope 
- - - - - - - - - - - - . - - -- 

Nov. - Feb. 0.0 0.0 

Mar. - May 1.7 -0.2 

Jun. - Aug. 2.5 3.0 

Sep. - Oct. -0.3 1.8 

Table 4.3 The base case setting and the range of variation of hydrologie panuneters and 
functions. Top boundary flux hction, eahanced dispersion fktor P, and the mass transfer 
efficiency y. 

Boundary flux P Y 

Base case FBC1 5 O. 1 

Variation FBC2, FBC3 2.10 0.001-2 



Table 4.4 Data summary of previously studied recharge wetiands; source article, specinc site, 
depth of groundwater sample, area of the wetland, area of the catchment, average groundwater 
recharge, and groundwater chloride concentration under the wetland. The location of the sites 
is shown in Figure 4.1. 

Source 
p p  

Site Depth Wetland Catchment Recharge CI 
(ml (m2> (m2) (mm yr-') (mg 1-') 

1 Meyboom 

2 Al-Taweel 

3 Miller 

3 Miller 

4 LaBaugh 
4 LaBaugh 

5 Zebarth 

5 Zebarth 

6 Trudell 

6 Trudell 

6 Trudell 

6 Trudell 

Slough center 

Site 2 (W5) 

Site 3 

Site 11 

T3 (well 12) 

T8 (well4) 

F site, MSL 

S site, MSL 

155 

1 57 

1 73 

197 

Average 
T ~ a t e r  samples were analyzed in the present study using ion exchange chromatography. 
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Alberta ; Sarkachewan Manitoba 
e;--edF - 

Fig. 4.1 Location of the present and previous study sites. 1. Meyboom (L966), 2. Al-Taweel 
(1983), 3. Miller et al. (1985), 4- LaBaugh et ai. (1987), 5. Zebarth et al. (1989), 6. Trudell 
( 1994). S tippled area indicates the extent of northern prairie wetlands (Winter, 1989). 

-dope wetland -:- dope - 
willow ring willow ring 

: -pond- . . . - * 

Fig. 4 3  Definition of the pond, wetlaad, wülow ring, and dope. 



atmospheric deposition 

t 

l oxidation ftont 

Fig. 4.3 Concephial mode1 of chlonde transport. Arrows indicate the direction of subnuface 
flow (solid line) and swwrnelt m o f f  (dotteà line). Dark sbaded area near the gromd d a c e  
indicates accumulation of chionde. Modified h m  Chapter 3. 

LEGEND 

--.-.-- Wetland boundary . 

. , - - Drainage divide 

Fig. 4.4 Distribution of the soi1 electrical conductivity. Cross sections for the hydraulic head 
(Fig. 4.8) and the subsufface cbionde distriiution (Fig. 4.9) are taken dong the transect ABC. 
Modified from Chapter 3. 



water eqv. 

cum. runoff 

radial distance (m) 

Fig. 4.5 hdial distribution of snow water quivalent and cumulative snowmelt runoff 

Fig. 4.6 Saturateci hydrauiic conductivity 
and the stratigraphy of the site. The solid 
curve is the values used in the flow 
simulations. 

Fig. 4.7 Moisture-mattic potential relatiouship. 
Points are classified by the depth. The solid 
cuve is the van Genuchten function with 8, = 
0.44 and a = 1-25 m-I. 

0.01 
O 0.2 0.4 0.6 

moisture content 

1.4-2.0 rn 1 
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Fig. 4.8 Hydrauiic head distri'bution in July 1994. The head is referenced to the mean sea 
Ievel. Contour interval is one meter. Amws indicate subsurfie flow direction. Modified 
fiom Chapter 2. 

distance h m  center (m) 

Fig. 4.9 Pore water chloride concentration (mg kl). Modifieci h m  Chapter 3. 



wetland (8 W,) slope (t3 W,) 

Fig. 4.10 A cross section of an axisymmetric mode1 domain. Ncxies and elements 
are shown schematically, hence not to scale. The long range comection between 
the slope nodes and the wetland nodes are indicated by the dashed cuves. 

I 
dzmive transport 

Fig. 4.11 Schematic diagram of the mass transfer mahanism by surface runoE 



radial distance (m) 

Fig. 4.12 Top boundary flux firnctions used in flow simulations. Positive flux indicates 
downward flow. 
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Fig. 4.13 Distribution of hydrauiic head and Darcy flux vectors. They were generated 
by numerical solution of the flow eqyation with boundary flux function FBC 1. The 
potential contours are in 0.5 m intewai. Note that am>w is not shown for every element. 
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Fig. 4.14 SUnulated distniutions of chloride co~centration. (a) C,' at t = 20 yr, with seasonally 
changing flow boundary flux applied to the top surface. @) CI* at t = 20 yr, with the average 
flow boundary flux applied to the surface. (c) C, ' at t = 4000 yr. (d) C,' at t = 4000 yr. (e) C,' at 
t = 4000 yr, with y = 2. (f)  Concentration distribution tbat matches with field data (Fig. 4.9). The 
base case setting is used for al1 simulations unkss otherwise stated. The flow boundary flux is 
disûibuted in the root zone uniess othedse stated. Concentrations are dimensionless except in 
( f). 



tirne (year) 

Fig. 4.15 Evolution of chloride concentration under the wetland The base case setting is 
used except for y. 
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Fig. 4.16 Concentration under the wetland at t = 4OOO yr. (a) eEects of changing the top 
bo.mdary flux hctions. (b) effects of changing the enhanced dispersion factor. 



Chapter 5 

Conclusions and implications 

The wetlaads located in the elevated area of mdulating tenain in the northern prairie region 
recharge the tmderlying groundwater. The recharge wetland selected for the field study 
represents countless other recharge wetlands in the region. 

Soi1 fiost in the winter reduces the hydrauiic conductivity of the top soil, and hence causes 
a large snowmelt runoff h m  the surroundhg slope to the w e t i d  The snowmelt water fonns 
a pond in the wetland that usually dnes up in the summer. The convergent d a c e  fiow in the 
snowmelt period is an important characteristic of the hydrology of the northern prairie 
wetlands. 

A large portion (70-80%) of the snowrnelt and m e r  precipitation infihates, and drives 
the divergent subsurtlice flow h m  the wetland to the slope. The majorïty of the divergent 
subsurface flow occurs in the sahiratai zone above the oxidation fiont, because the hydraulic 
conductivity of the strongly fiactured glacial till in this zone is several orders of magnitude 
higher than the weakly hctured till in the zone below. 

High rate of evapotranspiration in the slope keeps the average flow direction in the vadose 
zone upward, and little net Uifiitration occurs in the slope. Therefore, infiltration is focused in 
the wetland. Most of the infiltration in the wetland, however, is used by evapotranspiration in 
the slope, and only a smd portion becomes gmundwater recharge (1-3 mm yr-' over the 
catchent). 

Evspotranspiration in the wetland (300 mm is lower than the evaporation firom a large 
Lake in the region (700 mm y?), perhaps due to the reduced wind speed by the willow ring in 
the perimeter of the wetland. The wetland evapotranspiration is approximately equal to the 
summer precipitation; therefore, the net infiltration in the wetland is deterrnined by the 
snowmelt runo& i.e. the divkrgent subsurface flow is driven by the convergent surface flow. 

The average flow patterns descnie the essence of the hydrologie interaction between the 
wetland and the slope. It should be noteci, however, that the flow field amund the wetland is 
not perfectly symmeûic due to complex topography, and that the temporary reversais in 
subsurface flow direction may be caused by heavy storms. The flow reversal is also caused by 
s m e r  fdowing the slope, thus reducing the evapotranspiration in the slope. 

Subsurface distriiution of chloride concentration reflects the average flow regime. The 
concentration under the wetiand is close to the concentration in the pond water due to high 
infiltration. The concentration under the bottom and middle slope is similar to the 
concentration under the wetland, but the concentration under the top dope is much higher 
indicating accumulation of chloride by evapotranspiration. The accumulated chioride in the top 



soi1 is leached by the snowmelt runoff each year, and t t a n s f d  to the wetland; chloride is 
cycled between the dope and the wetlaad 

The input of chloride to the wetland-dope system is atmospheric deposition, which is 
considered constant over many years- Chloride is cycled within the shallow part ofthe system 
by the convergent sucface fiow and the divergent subsurfâce flow. Chloride is transferred h m  
the shallow part to the deep part of the system by the wetland-foc& gfoundwater recharge 
that eventually carries chionde out of the system. In geological tirne sale, the atmosphenc 
input and the pundwater output becomes balanced, and the chloride cycle reaches the steady 
state. The chlonde concentration, C' in SMOW grouadwater under the wetland indicates the 
m a s  balance state of the system, because it represents the concentration in the wetland-focused 
groundwater recharge, Le. output flux. 

The numerical modei of the wetland-slope system based on the field observations shows 
that the subsurface chloride distribution is only mildly sensitive to the details of boundary 
conditions, and that the ratio of the average concentration in the precipitation to that in the 
shallow groundwater under the wetland, C '  is proportional to the ratio of the groundwater 
recharge to the precipitation with a proportionality constant 1 .M. A survey of published data 
on 1 1 recharge wetlands in the northern prairie region shows that the ratio CdC, for those 
wetlands falls in remarkably namw range (0.006-0.0 13), which may indicate the recharge rate 
of several millimeters per year, while the annual precipitation in the region is 300-400 mm. 

The convergent-divergent hydrologie system in the recharge wetlands irnplies that 
exporting snowmelt water fiom the system by artificial drainage will stop the divergent 
subsurface flow and groundwater recharge. It will also stop the transport of dissolved chemical 
species nom the wetland to the slope, hence causing a major change in the subsurface 
distribution of dissolved chernicals in the catchment The environmental impacts of these 
changes m u t  be evaluated carefiiuy before diainage pmjects are undertaken. 

If the ratio C'Cg is a tme indicator of groundwater recharge, then strikhgly similar values 
of the ratio observed in the northern prairie region will suggest that the spatial vanarration of 
groundwater recharge in the region is reasonably smd. It will be interesthg to conduct a 
systematic s w e y  of CJC' in many wetlaads in the region to fhd a regional trend in the value, 
which may reveal the relation between the recharge and climatic conditions or land use 
practice. 



Appendix A 

Reevaluation of the tensiometer response method to measure 
unsaturated soil hydraulic conductivity 

INTRODUCTION 

The flux of water in the unsaturateci zone was firçt expnssed as the product of hydraulic 
gradient and hydrauiic conductivity by Buckingham (1907). It is now a routine practice to 
estimate the hydraulic gradient using temiometers, but there is no universaliy applicable 
method to measure hydraulic conductivity of unsaturated field soils under a wide range of soil 
moisture conditions. Standard methods were reviewed by Green et al. (1986), but they al1 have 
limitations, particularly in clay-rich soi1 in which the drainage flux of water is slow. 

Gardner (1960) proposai a method to estimate unsaturated soil hydraulic conductivity 
based on the response of a tensiometer after the pressure in the tensiometer was artificially 
pemirbed fiom equilibrium. Though prornisiag in principle, the method has several pot~ntial 
shortcomings, as pointed out in the original discussion by GaKiner. First of all, the soii 
hydraulic conductivity in unsaturated soi1 is a hc t ion  of matrk potential. Perturbing the 
equilibrium of pressure in the tensiometer disturbs matric potential in the soil, and alters the 
conductivity fiom its equilibrium value. It may be difficuit, therefore, to know which matric 
potential value corresponds to the estimated conductivity. Similady, the effect of soil water 
hysteresis on tensiometer response is not well understood The second problem is that the 
method measures the average hydraulic conductivity weighted heavily on the soil in the close 
vicinity of the porous cup. It is practicdy impossible to avoid disturbing the soil around a 
porous cup during the installation of a tensiometer, therefore, the estimated conductivity may 
not be representative of the undisturbed soil (#Astous et al., 1989). 

Gardner's method has not been commody used to measure conductivity, perhaps due to the 
problems iisted above (Tokunaga, 1992). However the method is attractive in many field sites 
with clay-nch, low penneability soil, for which other methods are not applicable or too 

expensive and tirne consuming. Recent development of a sophisticated parameter estimation 
technique (Gn'bb, 1996) has a potential to overcome the Grst problem mentioned in the 
preceding paragraph, but its dgonthm is stili too complicated for routine field applications. We 
will develop a simple theory to interpret the field data of tensiometer response tests, based on 
well bown theory ofpiezometer slug tests. The vaiidity of the theory will be exarnined by 
numerical simulations and laboratory experiments. The second problem, the disturbance 
effects, cannot be solved by theoretical studies. We will estimate the expected degree of error 



due to such effects by laboratory experiments. The practicality of the method will be evaluated 
in a field site. 

THEORY 

In the tensiometer response test the pressure in the air pocket of a temiorneter is 
instantaneously increased by, for example, co~mecting a syringe that contains a smali volume 
of air at atmospheric pressure (Fig. Al). The excess pressure dissipates as water in the porous 
cup moves into the soi1 causing the air in the tensiometer to expanci. When the porous cup 
conductance is sufnciently high, the raponse of tensiometer is controlled by the gauge 
sensitivity and the soil hydraulic conductivity. Thus it is possible to estimate the soi1 hydiaulic 
conductivity fiom the pressure dissipation data (Richards et al., 1937; Gardner, 1960). A 

similar method to determine hydraulic conductivity in saturated porous media nom piezometer 
response is commonly cded slug test (Bouwer and Rice, 1976). in the following, we will 
assume that the soii hydraulic parameters do not depend on matric potential, and develop a 
linear theory of the tensiometer response test. It wÏll be shown later by numerical anaiysis and 
laboratory experiments that the assumption of linearity is acceptable. 

Linear theory without soi1 water storage 
In the fïrst step of the theoretical development, we assume that the soil has no capacity to 

store water, and that the flow rate, Q(t) (m3 î'), nom the porous cup to the soil is given by 
Q = F M ,  [ II 

where F (m) is a shape factor representing porous cup geometry, and K (m s-') is the soil 
hydrauiic conductivity, and MAt)  (m) is the ciifference in the total soil water potential head 
between the porous cup and the boundary of the system. Because the soil water storage is 
neglected in Eq. [l], the potential distribution in the soi1 at any instance during a response test 
is identical to that of the steady-state flow that would result if Ah, was kept constant. Using Eq. 
111, the lineac slug test equation to descriie the rate of pressure change in a tensiometer is 
(Hvorslev, 195 1) 

where S, (m') is the gauge storage, hl (m) is the total soil watet potential head in the porous 
cup, hZq is the equilirium value of hi. The gauge storage is denwd as the volume ofwater 
that has to be removed h m  the tensiometer to cause a unit dtop in the total potentiai head, 
which is the reciprocd of the gauge sensitivity (Richards et al., 1937). For a sufficiently small 
pressure change, the gauge storage does not change appreciably during the response test 
(Tokunaga, 1992), and it is given by 



where VI (m3 is the volume of air in the tensiometer, p,,, (lrg m") is the deasity of water, g (m 
-1 -2 f2) is the gravitational acceleration, and P, (kg m s ) is the equiii'brium pressure of air in the . 

tensiometer. The air volume (Y,) consists of the volume of the air pocket, the air chamber in 
the tensiometer, and the air bubbles (Fig. Al). The gauge storage in Eq. [3] does not account 
for the dissolution of air, and hence overestimates actual gauge storage. The effects of 
dissolution become signincant as the ratio of the area of the air-water interface to the air 
volume increases; such as in srnail air bubbles. The volume of air bubbles in tensiometer- 
transducer systems, however, rarely exceeds 10-20 % of the total air volume. Therefore the 
dissolution effects can be neglected in the tensiometer response tests. 

The shape factor for any type of porous cup can be determined nom Eq. [l] by solving the 
steady-state flow equation with suitable boundary conditions to calculate Q. Assuming a 
homogeneous and isotropic soii of infinite extent, a porous cup is approximated by a spheroid 
of the same aspect ratio, N = L/D, and the surface area (Fig. A2). The shape factor for a 
spheroid is given by (Maasland, 1957; Randolph and Booker, 1982) 

where the half length of the spheroid, b (m), is related to the surface area, A (m') , and the 
aspect ratio of the spheroid by: 

For a given aspect ratio, it is clear h m  Eqs. [4] and [SI that F is proportional to A ' ~ ;  therefore 
we define a dimensionless shape factor, F* = F /A! 

To check the accuracy of the spheroid formula, Eq. [4], the dimensionless shape factor for 
severai types of cornmonly used porous cups (Fig. A2) were determined by solving the steady- 
state flow equation for each type of porous cup using a finite element program Princeton 
UNSAT-2D developed by Celia et ai. (1990). The distance h m  the porous cup to the 
boundary of the domain was set at 5 0  times the radius of the cup to approximate i m t y .  Note 
that the hydraulic conductivity was held constant in these simuiation.s, even though the 
program was capable of using variable hydrauiic wnductivity. The numencal solutions show 
that the spheroid formula approximates F* within 10 % of acc..uracy (Fig. A3). 

The tensiometer response is controlied by the soi1 hydrauiic conductivity only when the 
porous cup has a higher hydraulic conductivity than the soi1 w u t e  and Gardner, 1962; 
Towner, 1980). A low conductivity porous cup causes a large potential drop within the porous 
cup wdl, reduces the flow rate for a given Mn and introduces negative bias in the estimated 
soi1 hydraulic conductivity. The influence of porous cup conductivity on flow rate is evaluated 



numencaliy by solving the steady-state flow equation for the standard round bottom porous 
cup of N= 2.5 and riïD = 0.125. The simulated flow rate, Q, is normaiized to the flow rate for 
the case without a porous cup wall, Qo. The reduction in flow rate is minor when the pomus- 
cup conductivity, Kp is higher than the soil conductivity, &,il, or KJKsoil > 1 (Fig. A4). 

Linear theory with SON wrter storage 
Equation [l] assumes that the soil has no moisture storage, but this assumption needs 

justification. In general, the water flow in soii amund a cavity is descnaed by a set of equations 
written for the total potentiai head in the cavity, hr, and in the soil, hi, (Cooper et ai., 1967) 

where a W denotes the outer surface of porous cup, n denotes the outward unit normal vector, 
and C ,  (m-') is the water capacity of the soil. Noting that the characteristic length of a 
spheroidal cavity is b, we define dimensionless variables and an operator; 

t* = K" / Cwb2 ht*=(6,-h~q)/(hT~ -kTal)  
x * = x / b  y * = y / b  z*=z / b  V* = bV 

and we c m  wrîte the dimensionless fomi of Eqs. [6] and [7]. 

Note that for a given shape of the cavity, the behavior of the solution in dimensionless fonn is 
completely detennitled by a dimensioaless constant c,,,b3/sr For a spheroidal cavity in Fig. A2, 
using the identities of spheroidal coordinates (Stratton, 1941, p.53), it can be shown that the 
behavior of the dimensiodess solution is completely detennined by a dirnensionless constant 

which indicates the relative size of the soil water storage to the gauge storage. A similar 
dimensiodess parameter, a=, was used by Cooper et al. (1967, Eq. 7) in their analysis of two 
dimensional radial flow around a cylindrical cavity. For a large aspect ratio (e.g. N> 3), it can 
be shown that y = 2ac. 

To see the effects of soil water storage on the response curve, Eqs. [6] and [7] with a 
standard porous cup (N = 2.5) were numencally solved for different vdues of y. The method 
described by Sudicky et ai. (1995) was incorporated into UNSAT-2D to simulate the coupling 
between a porous cup and soil. In this method, the gauge storage is represented by storage in 



line elements superimposeci on triangular finite element grids, which is sunilar in spirit to a 
method developed by Narasidan and Dreiss (1986). For commody used tensiometea that 
have the air pocket volume of 1-10 cm3, the expected range of y is 0.00 1-10. The effects of soi1 
water storage becornes signincant for large y, and the response curve deviates fkom the straight 
line on a semi-log graph Fig. AS). It is a mutine practice in interpretation of piezometer slug 
tests to fit a straight line to the observeci data and calculaîe the soi1 conductivity h m  the dope 
of the line. However, the fit is nonunique when the data has large curvature. Noting that aU 
curves intenect the straight h e  at points near h j  = 0.1, the best estimate of conductivity is 
obtained by fitthg a line to a portion of response curves between h$ = 1 .O and 0.1. With this 
procedure the error due to nonunique fit is l e s  than 20-30 %. The numerical solutions also 
show, though not presented here, that the same method is applicable to porous cups that have N 
= 10. 

The analysis presented in this section is applicable to both temiorneter response tests and 
conventional piezometer slug tests. For a piezometer with a stand pipe manometer to measure 
the total potential head, the dimensionless parameters are defined as 

r* = ~t / s , b2  y = 4 ~ ,  b3 (IV2 - 1) If' 1 rC2 iV3 [ 121 
where S, (m'l) is the specific storage of the saturated soil, and r, (m) is the radius of the 
manometer. 

Non-hear theory 
The theory that bas been presented so far assumes constant K., i-e. linear flow equations. 

Taking into account the dependence of hydtauiic conductivity and water capacity on matric 
potential, the nonlinear flow equation is wrîtten as 

where h (m) is the matric potential head; hr = h + z, where z (m) is the elevation. To justiQ the 
linear flow assumption, Eqs. [6] and 1131 were numerically soived and compared with the 
linear fiow solution for which K and C,,, were îked at the equilibrium value. 

In the numencal simulations, the soi1 water retention function of van Genuchten (1980) 
with the following parameters was used to represent a clay loam soi1 used in our laboratory 
experiments; 8, = 0.46, Bm = 0.03, a = 0.6 m-l, n = 1.4, m = 1-Un. The size of the total 
potential head change was 0.5 m, whiîe the equiliirium value of matric potential heaci was -1.5 
m. The solution for the nonlinear equation was indistinguishable h m  the solution for linear 
equation in this sening (Fig. A6). Similar results were obtained for simulations with a wide 
range of matnc potential head, as long as the pressure change was smali. Therefore, the linear 
flow assumption is justified for a s m d  pressure change. 



MATERIALS AND METHODS 

Tensiometer 
Two types of tensiometers were used in this study. The nrst type is a commonly used 

design (Marthaler et aL, 1983), made of a standard 1-bar porous ceramic cup, PVC pipe, acrylic 
tube, and a rubber septum stopper. The second one has a porous stainless steel cup. 
S pecifications for porous cups are lïsted in Table Al. The satunited hydraulic conductivity of 
porous cups were rneasuted by a standard fding head test. The range of applicability of the 
tensiometer response test is cietetmineci by the conductivity and bubbhg pressure of porous 
cups. High-fl ow 1 -bar porous ceramic cups are available h m  the manufacturers Iisted in Table 
Al, though were not used in this study. 

Laboratory methods 
The laboratory experiments were conducted using a clay-loam soil sampled fiom the St. 

Denis National Wildlife Area located 50 km east of Saskatoon, Saskatchewan, Canada The 
Dark Brown Chemozemic soils in the area are mapped within the Weybum Association, W2 
map unit (Miller et al., 1985). The soil nom A horizon was air dried and packed in a 20-L 
plastic pail to a buk density of 1500 kg ni3. The pail was perforated with 2-cm diameter holes 
on the side and the bottom to allow fke evaporation of water. A tensiometer with a porous 
stainless steel cup (steel cup tensiometer) was installeci near the center of the pail while the soil 
was being packed (Fig. A7). Soi1 was satutated with 0.005 M CaS04 solution by submerging 
the pail in a larger plastic tub. The soil was gravity drained once and a ceramic cup (A in Table 
Al)  tensiometer was installed near the center by predriiling an access hole that had a slightly 
larger diameter than the porous cup and inserting it with SI- made fiom the soil; the method 
commoniy used to instail field tensiometers (Cassell and Kiute, 1986). The soil was sahiraed 
again for several days before the experiment starteci. The soii moisture content was measured 
by weighiag the entire apparatus. 

The average saturateci hydraulic conductivity of the soil was determined by applying a 
constant hydraulic head in one of the tensiometers (injection port), while keeping the pail 
submerged in the plastic tub with the water level slightly higher than the soü surface. The other 
tensiometer was used as the observation port. The conductivity was calculateci h m  the flow 
rate at the injection port and the gradient between the observation port and the boundary of the 
pail assurning spherîcal symmetry of die flow around the injection port. 

The soil was progressively drieà to several different stages of moisture content. At each 
stage the pail was sealed by plastic wrap and left for several days to attain equilibrium and even 
distribution of m o i m e  content and matric potential. 

Additional set of experiments were conducted using a loam soil sampled from the campus 
of University of Guelph, Guelph, Ontario, Canada In these experiments a porous ceramic cup 



tensiometer, instead of a stainless cup tensiometer, was installeci while soi1 was being packed, 
and another ceramic cup tensiometer was installeci after soil was saturated and gravity drauied 
by the access hole method. The former tensiometer is calied 'kference tensiometei', and the 
latter is calleci "installeci tensiometei'. The purpose of these additional experiments was to 
examine the effects of the soil damage caused during the instaiiation of a standard tensiometer. 
However the porous ceramic cups used in these experiments (B in Table Al) had the saturated 
hydraulic conductivity considerably lower than those used in the main experiments (A in Table 
Al), and the unsaturateci hydraulic conductivity of the soil became lower than the porous cup 
conductivity only in the low matric potential head range (h c -3.0 m). Therefore the 
quantitative interpretation of the data h m  these experiments was not possible, and the results 
will be mentioned only briefly. 

Temiorneter response test 

The pressure in the air pocket was measured continuously by a vibrating wire ûansducer 
(Geokon, 4500ALV-5) and data logger (Campbell Scientific, CRIO) system. The pressure 
change, generaiiy 3-5 kPa (0.3-0.5 m in head unit), was introduced by opening a valve that 
connected the tensiometer-transducer system to a plastic syringe (Fig. A 1 ), and immediately 
closuig it. The volume of air in the system (VI) was calculated fiom the pressure (P,) and 
volume (V,) of air in the syringe, and the pressure Ui the air pocket before (P,) and after (Po) 
the valve was open: 

V, =V-(P, -4)UP,  -P,) Cl41 

The response time of the tensiometer is shorter for a smder gauge storage, Le. srnaller Y, (see 
Eq. 131). Therefore, the membrane chamber in the transducer was fiiied with machine tool oil to 
reduce the chamber volume fkom 4 cm3 to t e s  than 1 cm3. Knowing the volume of the air 
pocket and the membrane chamber in the transducer, the total volume of air bubbles in the 
tensiometer cm be calculated h m  Eq. [14]. The calculated volume of the air bubbles was less 
than 10-20 % of Y, for most field and laboratry tests. 

The soil hycirauiic conductivity was estimated by plotthg the dimensionless total potential 
head versus time on a semi-log graph and fitting a straight Line to the curve as described in the 
theory section. For the standard round-bottom porous ceramic cups used in these experiments, 
the shape factor is F = 0.23 m. 

Field methods 
Seven ceramic cup (A in Table Al) tensiometers, ranging in depths nom 0.2 to 2.0 m, were 

installed in the St. Denis site by the access hole methoci in June 1994. A nest of time domain 
reflectometry (TDR) probes, each 20 cm long and mging in depths fiom 0.1 to 2.1 m, were 
instailed within one meter of the tensiometers to measure the soil moisture content (Topp et al., 



1 980). The detailed description of installation is found in Chapter 2. The tensiometers and TDR 
probes were monitored throughout the summer aisd fd of 1994 at one-week interval. From this 
data the relatioaship between the soi1 moisture content and matrïc potential was obtained. 

The respome tests were conducted once in October 1994 for aii seven of them, and once 
again in July 1995 for six of them that surviveci the fieeztig conditions over winter. The 
change in ambient temperature duhg the experiments affected the pressure in the temiorneter. 
Therefore, tensiometers and transducers were wrapped with a blanket and sheltered fiom the 
sun and wind by a cardboard box to minnnize temperature changes. For slow-responding 
tensiometers, a hand-held pressure transducs (Soil Meamernent Systerns, SW-030). which 
had a chamber volume of l e s  than 0.1 cm3, was used to reduce the response time, and the 
reading was taken rnanually at suitable time intervals. 

RESULTS AND DISCUSSION 

Laboratory experiments 
A pair of response tests were conducted at each matric potential using positive and negative 

pressure changes. The negative change was introduced to the system by setting P,  below 
equilibrium pressure. The positive pressure change causes the flow fiom the porous cup to the 
soi1 (imbibition), while the negative pressure change causes the opposite flow (drainage). If 
nonlinear or hysteritic flow effects are significant, the temiorneter responses to the positive and 
negative pressure change will be significantly different. 

Measured responses to the positive and negative pressure changes were almost linear on 
semi-log graph and indistinguishable fiom each other for ai l  pairs of tests. An example is 
shown in Fig. A8 for the case of the positive (Ahr = +0.34 m) and negative (Ah, = -0.35 m) 
pressure changes when h = -1.55 m at the porous cup. Therefore, nonlinear or hysteretic flow 
effects were insignificant for a srnail pressure change, consistent with the results of numericai 
simulation. The straight line method to calculate hydraulic conductivity was easily applicable 
in the laboratory experiments, because a i i  semi40g plots had little cwature. 

The soil moisture content decreased with the soii matric potentid head (Fig. Ag). The van 
Genuchten (1980) equation was used to represent a water retention function, for which 
parameter values are shown on the graph. Soil hydradic conductivity decreased exponentially 
with matric potentid head Vig. AlO), similar to the trend predicted by the van Genuchten 
equation. In this set of experiments only the drainage cuve was obtaiaed. However, a 
imbibition cuve can be obtained with the same ease if suitable instruments are used to aiiow 
monotonie increase of water content in the pail. 

The hydraulic conductivity of the porous ceramic was much lower than the saturated 
conductivity of the soil (1.1 x IO-' m d); therefore, the conductivity estimated fiom the 



ceramic tensiometer raponse tests should be lower than the actual soi1 conductivity in the high 
matric potentiai range. 

In the intemediate matric potential range, the conductivity measured by the steel cup 
tensiometer was consistently lower than those measured by the ceramic cup tensiometer. As 
pointed out in the introduction to this paper, the measinad conductivity is most sensitive to the 
soil directly in contact with the porous cup. If the soü is dishirbed amund a porous cup to a 
given thiclmess, the effect of nich disturbance will be more pronounceci for a small cup than 
for a large cup. Therefore, the stainless cup tensiometer that has srnail diameter is more 
susceptible to disturbance effects than the ceramic cup tensiometer. It is likely that the lower 
hydraulic conductivity measured by the steel cup tensiometer is due to such effects. The 
disturbance may have been caused mechanicaliy during the installation or chemicaily during 
the measurement of saturateci hydraulic conductivity when a large quantity (100 cm3) of 
deionized water was injected. 

Ia a separate set of experiments ushg the Guelph loam, the soil hydtaulic conductivity 
measured with the instailed ceramic cup tensiometer was 40-50 % lower than that measured 
with the reference temiorneter. The magnitude of enors in the tensiometer response tests due to 
the disturbance effects is expected to be less than 100 %. 

In most of the laboratory tests, the semi-log plots of tensiometer response had smailer 
curvature (Fig. A8) compared to the results of numerical simulations using the hydraulic 
parameters for the tested soi1 (Fig. A6). The cwature is related to the ratio of the gauge 
storage (Sd to the soi1 water capacity (C,) by Eq. [I 11. To investigate the influence of S, on the 
curvature, a set of response tests with high (9.3 x IO-' m2) and low (1.1 x mm4 values of S, 
were conducted for the St. Denis soil using the c e d c  cup temiometet. The soil matric 
potentiai head was -2.8 m, at which the water retention fhction (Fig. Ag) gave C, = 0.03 m-l . 
The sire of pressure change in head unit was M.76 m in the low S, test, while positive (+0.34 
m) and negative (-0.50 m) changes were applied in the high S, tests. The iinear flow equation 
in a numencal domain that had the same dimension and hydrauiic conductivity (2.7 x 10" m s' 
') as the actual soil in the pail was solved to compare the observed response to the theoreticai 
one. 

The observed response had significantly smaller curvature compared to the simulated 
response with C,,, = 0.03 m-' (Fig. Al  1). The ba t  match between the observed and simulated 
responses was obtained when C, = 0.0006 m-' was used; two orders of magnitude smaller than 
the value expected for the mil. This value was insensitive to the direction of flow and the 
gauge storage. Note that the ''taii" of the response curves for the high S' case became flat near 
the end of the test (Fig. Al  lb), because the pressure raponse reached the wall of the pail. 

Hyder and Butler (1995, Fig. 8) reporteci the similar smail cwature in numerically 
simulated piezometer response tests, which was caused by a layer of low conductivity around 
the screen with a large aspect ratio (N = 25). However, our numencal simulations that 



incorporated a layer of low conductivity soi1 mund the standard porous cup (N= 2.5) 
indicated that the large difference between predicted and obsewed C, (Fig. Al 1) could not be 
explained by the eEects of low conductivity soi1 alone. Thdore  the water capacity under 
transient fiow conditions may be Merent h m  the value based on measurement under static 
conditions. A sirnilar observation was made by Rogas and mute (1 97 1) for one dimensional 
flow in repacked sand. 

Field erperiments 

The relationship between matric potential head and moisture content at the field site had a 
range of variation, reflecting the heterogeneity of the soi1 and perIiaps soi1 water hysteresis 
(Fig. A12). A set of parameters for the van Genuchten fùnction was selected by inspection to 
represent the trend of the field moisture retention characteristic (Fig. A12), for which the values 
are shown on the graph. 

The field results for seven tensiometers are presented for three depth intervals (Fig. A13). 
For those measured twice, in October 1994 and luly 1995, the two measurements are 
comected by a solid line in the graph. The hydraulic conductivity generally decreased with soil 
matric potential, which was consistent with the prediction by the van Genuchten function 
shown as dashed curves. However, severai tensiometers showed a slight increase in the 
hydraulic conductivity as matric potential decreased; in reverse to the prediction by the van 
Genuchten fùnction. The moisture content conespondhg to those tensiometers decreased with 
matric potential. Therefore, the reverse trend cannot be explained by soil water hysteresis. It is 
Iikely that fkeezing and thawing in winter had caused some change in the soi1 structure around 
porous cups, which resulted in the unpredictable trend in hydrauiic conductivity. 

CONCLUSIONS 

The theoreticai study of the tensiometer response test showed that the hydraulic 
conductivity of unsaturated soi1 can be determined easiiy by a curve fitting procedure. The 
laboratory study showed that the m e a s m e n t  error due to the disturbance of soi1 around the 
porous cup was in order of 50-100 % for a commonly used tensiometer. A single memement 
typically took several minutes to hours. The method gives a reasonably good estimate of 
hydraulic conductivity in short tirne, and can be repeated in a field season to study the 
relationship between the conductivity and soi1 matric potentiai; thetefore, it is attractive in 
clay-rich soi1 where existing methods are not applicable. 
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Table Al  Specification of porous cups. 

Stailness steel cup Ceramic cup (A) Ceramic cup (B) 

Manufacturer Mott Metallurigical 

Outer diameter 0.00639 m 

Saturated K 8.8 x 10-7 m s'l 

Bubbling pressure 29 kPa 

Soil Measurement 
Systems 

1 bar standard 
(SP-03 1) 

Soilmoistwe 
Equipment 

1 bar standard 
(655x01-BlM1) 
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Fig. A l  Schematic diagram of the temiorneter response test apparatus. 



spheroid round bottom fat bottom cylinder 

Fig. A2 Geometry of commonly used ponwis cups and the equivalent spheroid The 
aspect ratio, N = b/a, of the spheroid is equal to Uû of the porous cup. The cylinder-type 
cup has a seaied bottom. 
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Fig. A3 Normaüzed shape factor versus aspect ratio for three types of porous cups. 

- 
round btm. 

3.4 1 I i 1 1 i I I 1 i 



Fig. A4 Reduction in flow rate due to the head loss across the porous cup waii. 

Fig. A5 Effects of soil moisture storage on head response during slug tests. The dimensionless 
time on the abscissa is defined by tF* = tKFSr 
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Fig. A6 Cornparison of numerical solutions of linear and nonlinear flow equations. The matric 
potential head at the porous cup is - 1.5 m, and the initiai pressure change in head unit is 0.5 m. 

Fig. A7 Diagram of the laboratory experiments. 
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Fig. AS Temiorneter response in two laboratory tests. Water flow direction was reversed 
between the two tests. 
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Fig. A9 Moisture retention curve for the soii used in the laboratory experùnents. The values 
of the van Genuchten parameters are listed on the graph. 
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Fig. A10 Relationship between measursd hydtauiic conmictivity and matric potential head 
The solid curve shows the vaiues predicted by the van Genuchten equation with the parameters 
listed in Fig. Ag. The hydrauiic conductivity of the steel cup is 106 m s-1 (not shown in the 
saph). 
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Fig. A l  1 Measwed and simulated head response. (a) Iow gauge storage case using a positive 
pressure change. @) high gauge storage case using both positive and negative pressure 
changes. The circles and squares show the measureà response, whiie cuves show the 
simulated response. The unit of the soii water capacity (C,,,) is ml. 
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Fig. A12 The relationship between matric potentid head and moisture content. The values 
of van Genuchten parameters are shown on the graph. 
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Fig. A13 Relationship between estimated hydrauiic conductivity and matric potential head 
measured by field tensiometers. The dashed curves show the vaiues predicted by the van 
Genuchten equation with the parameters iisted in Fig. A12. 



Appendix B 

Detailed information on piezometers and wells 

Locations and detaiied idonnation on piezometers and weUs are hsted in this appendix. 
The piezometer and weii location are shown in Figures B1, 82, and B3, while the location 
numbers in those figures are refereaced to the identification numbers in Table B 1. The 
identification numbers are found in metal plates attached to each piezometer or weli. 

Table B 1 contains; location number, identification number, depth h m  the ground surface 
to the centre of the sand pack, Iength ofthe casing, height ofthe casing above the ground 
surface, inside diameter of the casing, diameter of the bore hole, length of the screen, length of 
the sand pack, elevation (above mean sûr level) ofthe top of the casing, saturated hydrauiic 
conductivity estimated nom the basic time lag, and basic thne lag. The uni@ of entries are in 
meters, unless otherwise stated. 

Asterisks on the top-oGcasing elevation indicate that the elevation changes due to fieezing 
and thawing actions, and that the value was surveyed in the f d  of 1994. Water table 
monitoring wells (wtmw) have sand packs extending h m  the bottom of the bore hole to the 
ground d a c e ,  and hence it is meaningiess to assign specific values to mean depth, screen 
length, sand pack length, and basic time lag for the web. The casing of stilling wells (sw) is 
sealed in the bottom, and perforated above the ground surface to aUow hydraulic connection 
between the wells and the pond water. 

The diameter of the bore holes listed here is quai to the diameter of augers wd in the 
drilling. The effective diameter of the sand pack used in the calculation of the saturated 
hydraulic conductivity is slightly srnalier thaa the Listed values. For example, d = 0.14 m is 
used to represent the effective diameter of 0.15-m bore holes. 



Fig. B1 Topographic map of the St. Denis site showing the location of wetiands. The water 
table monitoring weUs that are shown in Figures 82 and 83  are iadicated in this map. 
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Fig. B2 Topographie map of S 109 showing the location of piezometers and weiis. 
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Fig. B3 Topographie map of S 120 and S 125s showing the location of piezometer and wells. 
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Table B1 Detailed uiformation on piezometers and wells. 

Loc - 
1 
2 
3 
4 

Mean Casing Casing Casing Bore M e  Saeen Sand pack Top of casing K-sat Basic time 
ID dqth length s t ï d c ~  dEam tameter fengîh length elevahon (Ws) lag (hr) 

801Pl 5.0 729 1 0.032 0.15 0.46 1.17 553.454 1.6e-06 0.05 

809P3 3 2  4.85 110 0.032 0.15 0.40 1.01 5525S4 
8011P1 13.2 14.30 0.80 0.032 0.15 0.40 0.67 558.715 1-56-11 6900 
8012P1 7.4 9.06 1.14 0.032 0.15 0.87 1.13 555.412 2- 0.04 
8012P2 5.5 6.67 0.85 0.032 0.15 0-40 0.64 555277 6.-11 1770 
8012P4 2.2 3.69 O 0.032 0.15 0.40 0.87 555.080 
8013P1 6.9 8.44 1.09 0.032 0.15 0.39 0.82 Sn.137 3-16-08 3 
80W wbnw 4.08 O 0.032 0-15 553.562 
80W2 wtmw 4.61 1.46 0.032 0-15 553259. 

MW5 wtmw 3.90 1.2û 0.032 0.15 
82W9 wtmw 7.18 110 0.035 0.15 
82W12 wbnw 5.62 1.10 0.035 0.15 
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Table B1 Continued. 

I Mean Casing Casing Casing 6ofe M e  Screen Sand pack Top of casing K-sat Basic time 

21 
ID depth length sb'ck-up dbm diameter length fangth devation ( d s )  fag (hr) 

93W Wumn 298 0.85 0.032 0.06 553.747 



Appendix C 

Chernical and isotopic analyses of pond water and groundwater 

Results of chernical and isotopic analysis for pond water and groundwater are Listeci in 
Tables C 1 and C2, respectively. Table C 1 contains; wetland identification nurnber, sampling 
date, temperature, elechic conductivity, PIE, major cations, major anions, alkalinity, 6'*0, and 
Z i 2 ~ .  Temperahue was measured at the field site. The reported values of electncal conductivity 
is the value standardized to 25 O C .  The pH values in square bracket indicates that the 
measurement was made in the laboratory for sarnples coiiected h m  the field. The wetland 
E.S 109 denotes a small depression east of S 109 (Fig. B 1) thai is not identifieci by the Canadian 
Wildlife Service. 

Table C2 contains; piezometer identification number, sampling date, temperature, electrical 
conductivity (standardized to 25 OC), field-measured pH, laboratory-measured pH, Eh 
(referenced to the standard hydrogen electrode), major cations, major anions, alkalinity, 6180, 
6 ' ~ ,  and saturation indices for mineral phases. The saturation indices for calcite, dolomite, and 
gypsum were calculated using PEIRQPITZ (Plunmer, L.N., Parkhurst, DL., Fleming, G.W. 
and Dunkle, S.A., 1988. A cornputer program incorporating Pitzer's equations for calculation 
of geochemical reactions in brines. U. S. Geol. Surv. Waîer Resour. hv. Rep. 88-4153): 

SI = log,, (W / K, ) 

where SI is the saturation index, L4P is the ion activity product, and K, is the solubility 
constant. 



Table Cl Results of chemicai and isotopic analyes for pond water. 

Date 

11 JUI-93 
23-JuI-93 
1--93 
66ug93 

27-May-94 
233urk94 
30Jun-94 
14-Jul-94 
28-.iui-94 
17--94 
30-Aug-94 
4-94 
27Sep-94 
13QCt-94 
1 -Aï1943 
Wul-93 
Wul-93 
233~1-93 
1 -ALQ-93 

12- AU^-93 
13-Sep93 
23-Sep93 
24-Mar-94 
1 ~ p r - 9 4  
284pr-94 
1 1-May-94 
27-May-94 
Mun-94 
23-Jun-94 
30Jun-94 
1 Wui-94 
2Wul-94 
17- AU^-94 
30-Aug-94 
134-94 
274-94 
12-Oct-94 
1 5-Mar-95 
30-Mar-95 
1 1-Apr-95 
21 -Apr-95 
4-May-95 
1411-95 
17-Jun-95 
1-Jui-95 
1 Wul-95 
6Apr-96 
SApr-96 
17-Apr-W 
26-Apr-96 
&May-96 
16May-96 
29-May-96 

CI NO3 S04 Alk 



Table Cl Continud 

Date 

1 7-Jun-96 
Z-Juf-9ô 
18-Ju1-96 
6-AW-96 
-96 
11-Sep96 
wur-93 
1-w-93 
2-Jun-94 
iaug93 
13-Sep-93 
23-0ct-93 
6-Nclv-93 
2-Jun-94 
224~1-95 
7-Ao~-95 
23-Aug-93 
23Aug-93 
H e p 9 3  
13-Se93 
Wul-93 
23-Jul-93 
1-Aug-93 
12-Aug-93 
30-Aug-93 
64-93 
13-Sep-93 
23-Oct-93 
6-NOV-93 
24-Mar-94 
12-Apr94 
28-Apr-94 
1 1 -May-94 
27-May-94 
Wun-94 

23-Jun-94 
mun-94 
14-Jul-94 
2Wul-94 
17-Aug-94 
30-Aug-94 
13Sep-94 
27-94 
1 2-OCt-94 
17-Jun-95 
16-ùul-95 

27-May-94 
6-Jul-93 

12-Apr-96 
16-May-96 



Table C2 Results of chemical and isotopic analyes for groundwater. 

Date 

4-Sep93 
10-Jun-94 
4-Sep-93 
1 0-J un-94 
4-sep93 
1 O-Jun-94 
4-sep93 
t4Sep93 
9-Jun-94 
10-Jun-84 
.-.--- 

5-Sep93 
5Sep-93 
4-sep-93 
10-Jun-94 
5-Sep93 
5-sep93 
Wun-94 
10-Jun-94 
4-Se93 
4-Sep-93 
4-S-93 
9-Jun-94 
1 O-Jun-94 
4-Sep93 
1BSep-93 
10-Jun-94 -- --- --- 
7-Jul-94 
7-J&94 
7- Jul-94 
7-Jul-94 
7-JuI-94 . - 
%Sep-93 
&Sep-93 
5-Sep93 
5-Sep93 
$Sep93 

Temp EC pH [pH] Eh Alk 
(meW - 
7.06 

6.5419 
9.00 

7,3839 
10.00 

9,9796 
7.14 
7,13 

7.09 34 
7,3241 
-- - 

9.08 
9.61 
9.05 

8.691 8 
10.23 
9,61 

10.681 
10,634 - --- 
6,&- 
7.17 
7933 

7.2332 
7.0460 
8.10 
8,92 

10,282 
e,sii~z 
6,5831 
6.9624 
6.0291 
10.667 
a95 
9.46 
8,13 
836 
938 

Saturation Indices 
Cal, Dol. Gyp, 
-039 -0.92 -0.85 



Table C2 Continued. 

Date 

S-Sep-93, 

CI NO3 S04 Alk Saturation Indices 
Cal, Dol. Gyp, 
0,14 -0.26 -1.31 



Table C2 Continued. 

Dale 

11-Jun-94 
264-95  
1 1-Jun-94 
26-Jul-95 
1 SJUI-96 
1 1-Ju~-94 
28-Jul-95 
11-Jun-94 
28-Jul-95 
1 1-Jun-94 
28-Jut-95 
1 1-JUII-94 
28Jul-95 
11 Jun-94 
2WU-95 
30-Aug-94 
1MIt-94 
1M)ct-94 
1 m t - 9 4  
1M)ct-94 
1SOct-94 
woct-94 
i5-0ct-94 -- 
15-0ct-94 
2-J uI-95 

.- -.--- 
19-Jul-95 
254~1-95 
25-Jul-95 

504 Alk 
(m9lJ) (meqn) 
208 8.0448 
229 
463 7,581 
73.7 
12200 5.7 
3140 6,3725 
3200 
924 6,9ô48 
1150 - -- 
6000 7.2942 
8400 
3100 6,0437 
3000 
2500 5,9875 
2610 
16,2 9.644 
3770 - 9,301 
3040 4,806 
5170 10.182 
3110 11,219 --. -------- 
2940 6,073 
3240 7.223 
2660 6,553 
974 -9:GIs 
4380 27.42 
2% 11.14 
9.38 8,08 
61.4 7,82 

de118 delD 1 Saturation Indices 
(760) (%) Cal. Dole GYP. 



Appendix D 

Water level records in piezometers and weiis 

The elevation of water Level in piezometers, water table monitoring wells, and the ponds 
S 109 and S 12% are listed in Table D 1. The danim of the elevation is set at 500 m above the 
mean sea level. Asterisks indicate the ice level in piezometers and welis. 



Table Dl Elevation of water level in piaometers and wells. 

Date 
Wul-93 
7-Jul-93 
Wul-93 
1 1 Jui-E 
14Jul-92 
17-Juf-93 
261~1-93 
23JuI-93 
27-Jui-93 
1 -At1943 
6-Aug-93 
12- AU^-9: 
19-Aug-9: 
23-Aug-9: 
30-Aug-9: 
4-Sep-93 
5-Sep-93 
&Sep93 
7-Sep93 
8-Sep93 
10-Sep-9: 
4 Sep-9: 
17-Sep97 
19-Sep-97 
23-Sep-93 
28-Sep93 
7-03-93 
1 met-93 
22-Oct-93 
27-ûct-93 



Table D l  Continuecl. 

5237 5227 52.42 5239 524 
5238 5229 52.43 52.40 524; 
5230 52.27 52.35 5230 523 
52.22 5224 52.29 5223 52.2l 
5223 S22S 5231 !j2.27 5 2 2  
5222 5224 5229 523k 52Z  
52.16 5221 52.24 5217 521! 
5207 5217 52.î3 52.05 51.S 
SZW 5214 5211 52.05 52.01 
51.91 52-06 51.95 51.91 51.84 
51.81 5200 51.85 51.82 51.7E 
51.66 51.92 51.69 51-6? 51-67 
51-67 51.87 51.74 51.69 51.7: 
51.55 51-79 51.59 51.51 51-61 
51.54 51-73 51.60 51.51 5164 
51.51 51.69 51.61 51.58 51.E 
51.48 51.62 51.55 51.50 51.59 
51.42 51-54 51-47 51.42 51.52 
51.23 51.19 51.31 51.23 51.37 
51.07 51.14 51d5 51.05 51.21 
3-72 50.84 50.83 50.70 50.W 
50.56 50.68 9-67 50.54 50.76 
50-31 50.57 50.59 dry 50.68 
i0.71 50.54 50.85 50.69 50.98 
54-62 50.77 51.68 51.63 51.63 
il -84 51.83 
1.88' 5122 5208 51.98 5211 
i2.18 51.54 5225 5224 5224 
i211 51.64 5218 5212 521'1 
i1.93 51.73 51.97 51.90 51.86 

5229 
52-35 
5219 
52-17 
5222 
a 1 7  
5216 
5l.W 
51.90 
51 -73 
51 -65 
51.56 
51 -60 
51 -54 
51 -56 
51 -60 
51.54 
51.49 
51 36 

dry 
dry 
dry 
dry 
dry 

51 -34 



Table Dl Continueci. 



Table Dl  Continued. 



Table D l  Continued. 

Date 
6-JuI-93 
7Jut-93 
Wul-93 
1 1 JuI-93 
1 MuI-93 
1 7-JuI-93 
20Jul-93 
23-JuI-93 
274ul-93 
1 -Au943 
6-Aug-93 
12-Aug-93 
19-Aug-93 
23-Aug-93 
30-Aug-93 
5Sep-93 
Mep-93 
7-Sep-93 
&Sep-93 
10-Sep93 
1 Sep-93 
17Sep93 
19-Sep93 
23-Sep-93 
2&Sep-93 
7-0ct-93 
15-0ct-93 
229~t-93 
27-0ct-93 
640~-93 
24N0v-93 
29-O=-93 
27-Jan-94 
17-Mar-94 
24-Mar-94 
29-Mar-94 
S-Apr-94 
û-Apr-94 
1 2-Apr-94 
16-Apr-94 
21 -Apr-94 
28-Apr-94 
4-May-94 
1 1-May-94 
1 $May-94 
27-May-94 
2Jun-94 
9-Jun-94 
16-Jun-94 
23-Jun-94 
30-Jun-94 

50.17 47.98 51.09 SI.91 
50.18 47.99 51.00 SI.% 
50.22 48.03 51.01 50.91 
5023 48.04 50.97 50.M 
50.26 48.06 51.04 50.W 
50.27 48.07 50.93 50.E 
50.27 48.09 50.79 dry 
50.26 48.10 50.69 dry 
50.24 48.10 50.56 
5023 48-11 50.60 
50.23 48.13 50.62 
50-18 48.11 50.49 
50.15 48.10 50.43 
49.71 47.61 50.42 
49.73 47.63 50.43 
49.74 47.65 50.39 
49.75 47.66 50.39 
49.80 47-70 50.59 
49.84 47-74 50.79 
49.87 47.n 50.79 
49.90 47.80 50.75 
49.92 47-83 50.61 
49.96 47.90 50.61 
50.00 47.96 50.59 
50.00 47.99 50.59 
50.03 48.03 50.62 
50.04 48.07 50.59 
50.00 48.13 50.46 
49.89 48.13 50.25 
49-72 48.08 49.90 
48.75 47.90 49.65 
49.35 47.85 50.21 dry 
49.41 47.06 50.38 dry 
19.53 47.89 50.64 50.W 
r9.s 47.92 50-70 50.92 
49-65 47.95 50.82 50.95 
19-70 47.96 50.87 51.02 
89.78 47.99 50.99 51.09 
19.91 48.04 51.14 51.19 
89.84 48.09 51-15 51.16 
3-08 48.14 51.11 51.11 
50.20 48.22 51.25 51.20 
j0.33 48.31 5125 51.18 
50.42 48.33 5127 51.19 
i0.47 48.43 5128 51.22 
50.51 48.48 51.29 51.23 
50.55 48.51 51.15 51.10 
50.55 48.52 51.05 51.05 

m 7  80m 80-3 80w4 808Pl 
45.19 45.53 46-35 46.48 46.21 
45.19 45-74 46.35 46.39 4622 
45119 45.85 46.31 46.34 46.23 
45.18 46.05 #,1? 46-15 46-29 
45.21 46.09 46.07 46.01 46.34 
45.20 46.13 46.16 46.21 46.39 
45.33 46-16 46.12 46.m 46.45 
45.42 46.19 4 2 1  4623 46.51 
45.48 46.19 4605 4599 46.55 
45.55 46.10 4587 45-79 4ô.59 
45.62 46.00 45.76 45.67 46-61 
45.68 45.86 45.58 45.50 46-60 
45.75 45-72 45.47 45.40 46.60 
45.79 45.70 45.50 45.46 46.59 
45-75 45.59 45.40 dry 46.53 

45.75 45.53 45.32 dry 46.52 
45.38 4524 45.33 dry 46.14 
45.44 45.28 45.32 dry 46.15 
45.50 45.30 45.32 dry 46.15 
45.62 45.34 4526 dry 4621 
45.66 45.43 45.61 45.72 4622 
45.68 45.54 45.68 45-76 46.23 
45.69 45.69 45.68 45-70 46.26 
45.69 45.66 45.59 45.59 4629 
$5.71 45.63 45.48 45.47 46.31 
15.72 45.58 45.42 45.40 46.31 
15.69 45.53 45.41 45.35 4628 
15.68 45.52 45.43 d~ 4628 

4528 
45.14 
44.95 
44.58 
44.59 
44.70 
44.91 
45.02 
45.1 3 
45.19 
45.32 
45.52 
45.62 
45.60 
45.62 dry 
6-95 dry 
46.01 45.97 
46-04 46.07 
46.10 46.12 
45.94 45.83 
45.73 45.61 



Table Dl Continueci. 

Date 
7-JuI-94 
1 WuI-94 
21 Jul-94 
2MuI-94 
4- AU^-94 
1 1 -Aug-94 
17-hg-94 
24-hg-94 
30-Aug-94 
13-SepW 
2&Sep-94 
12-OCt-94 
26-0ct-94 
29-NOV-94 
17-Jurà-95 
1Wul-95 
224~1-95 
28-Jul-95 
4-Aug-95 
1 1   AU^-95 

806P1 806P2 806P3 806Pt 
50.54 48.52 51.01 51.02 
50.52 48.52 50.91 50.93 
50.54 4835 50.98 50.97 
5û.49 48.52 50.88 50.95 
50.47 48.52 50-73 5030 
50.47 48-53 50-77 50.81 
50.40 48.52 50.70 dry 
50.39 48.50 50.59 dry 
50.36 48.48 50.55 
50.28 48.45 50.43 
50.14 48.39 50-19 
50.03 48.34 50.14 
49.98 48.33 50s 
49.76 48.22 49.90 
49.96 48.08 50.63 
9-05 48.17 50.51 
50.07 4820 50.52 
50.05 48.19 50.39 
50.03 4821 5029 
50.06 4829 50.53 

w7P1 mP2 807P3 807P4 -1 
45.43 45.79 45.W 45.49 46.61 
45.51 45.65 45.48 45.37 46.58 
45.61 45.59 45-46 dry 46.58 
45.60 45.52 45.38 dry 46.52 
45.57 45.47 4529 46.50 
45.65 45.35 4518 46.40 
45.64 45.29 45.14 46.33 
45.62 15.22 45-07 46.23 
45.59 45-13 45.01 46.16 
45.55 45.03 44.88 45.98 
45.40 44.87 44.74 45.77 
4525 44.72 44.64 45.59 
95-17 44.68 44.58 45.47 
44.70 44.42 44.48 45.1 3 
44.31 45.36 45-23 dry 45.27 
44.77 45.08 44-96 d~ 45.49 

45.04 44.87 44.71 dry 45.51 



Table D l  Continued. 

51 -57 
dry 
dry 

dry 
d'"Y 

53-71' 
5 3 . T  
53-57. 
51 -40' 
51.50 
52.42 
52.60 
52M 
5278 
52.68 
5239 

52-32 5243 5248 52.48 524 
52.11 52.34 5231 5228 523 
51.94 5222 52-15 5211 521 
51.83 5209 5203 52.00 520 
51.70 5200 51.04 51.82 51.8 
51.84 dry dry dry 51.7 
51.76 dry dry 51.80 51.8 
51 -59 dry 51.6 
51.53 
51.52 dry 51.6' 
51 -50 51.a 
51 -48 51 -64 
51 -45 51 -6' 
51 -43 51.5; 
51.76 dry dry dry SIS! 
51-88 dry 51-91 51.87 51.3 
51.88 5202 51.98 51.96 5201 
51.83 5203 5201 51.99 520: 
i1.78 dry 51-97 51.94 51.94 
i1.75 dry 51 -93 51.89 51.S 
il .75 51.90 51.88 51.8C 

51.89 51.88 51.S 
i l  -78 51.93 51.95 51.92 
i l  -78 51.85 51.85 51.84 
il .67 51 -73 
i l  .56 dry 
i l  28  
i1.12 
i1.87 dry 
'1.92 dry 
241 5279 
3-14 5255 
272 5286 52.95 
257 
258 5287 5288 
257 52.85 5285 5286 5270 
255 5281 5266 5261 5259 
2.51 52.74 52S8 5257 5254 
2.58 5278 5283 5253 5278 
255 52.80 5288 5289 5287 
2.58 5283 5294 5295 5290 
2.62 52.84 53.00 53.00 53.00 
232 52.86 53.02 53.02 53.02 
2.47 5279 5289 5290 5204 
E-48 5273 5271 52.71 52.65 



Table D l  Continueci. 

Date 
7-Jul-94 
15Jul-94 
21-Jul-94 
2WuI-94 
4-hg-94 
7- AU^-94 
1 1 -Aug-94 
17-Aug-94 
24-Aw94 
30-Aug-94 
13-Sep-94 
20Sep94 
284-94 
4-0ct-94 
12-0ct-94 
1 Met-94 
26-0ct-94 
3-NOV-94 
1 5-NOV-94 
29-NOV-94 
l3-Oe~-W 
31 -Jan-95 
25-Feb-95 
1 SMar-95 
24-Mar-95 
1 1 -Apr-95 
4-May-95 
23-May-95 
1 -Jun-95 
17-Jun-95 
25-Jun-95 
1 Jul-95 
4Jul-95 
1 WUI-95 
224 uI-95 
1 1-Aug-95 
78-Sep95 
1 O-oct-95 
1 -Dec-95 
10-Jan-46 
8-Feb-96 
8-Apr-96 
12-Apr-96 
17-Apr-96 
2SApr-96 
&May-96 
16May-96 

ûûllP1 8û12P1 8012P2 8012P4 82W2 8013?1 
46.93 5218 51.89 52.21 52-10 53.02 
46.91 52.00 51-93 52.03 5202 53.01 
46.94 5201 51.97 5204 51.96 52.96 
46.93 51.89 51.98 51.93 51.90 5292 
46.91 51.68 51.98 51.n 51.89 5282 
46.92 51.60 51.95 51-72 51.62 52.72 
46.93 51.63 51.93 51.67 51.61 5213 
46.93 51.54 51.90 51.63 51.54 5273 
46.92 51.45 51.86 51.57 51.45 5259 
46.91 51.43 51.85 51.56 51.37 52.43 
46.93 51.37 51.73 dry 51.33 52.46 
46.91 51.28 51.67 dry 5127 52.33 
45.15 5123 51.44 51.23 52.30 
4522 51.21 51.42 51-15 5216 
452ï 51-09 51.38 51.10 5209 
45-37 51.14 51.38 51.12 a 1 8  
45.44 51-19 50.79 51-12 52.18 
45.47 51.06 9 -84  51.04 52.01 
45.54 51.07 50-90 51.02 51.94 
45.61 51.00 50.93 50.98 51.88 
45.66 50.85 50.92 50.84 51.73 
45.88 50.44 50.70 50.43 51.51 
45.95 50.25 50.54 5025 5127 
46.01 50-12 50.42 50.24 51.18 
46.06 50.07 50.38 5û.16 51.21 
46.11 50.18 50.33 dry 50.09 51.13 
46-16 50.55 50.26 dry 50.51 51.03 
4624 51.60 50.57 51.46 51.S 51.07 
46.27 51.68 50-77 51.72 51.65 51.19 
46.33 51.55 51.04 51.67 51.54 51.54 
46.34 51.52 51.1 1 5i.V 51.47 51.61 
46.36 5136 51.17 51.54 51.50 51.78 
46.38 5t .6û 51.23 51.56 51.55 51.92 
46.39 51.62 5128 51.56 51.57 5201 
46.43 51.72 51.36 51.59 51.65 5221 
46.55 51.78 51.56 dry 51.68 52.34 
46.61 52.27 5201 5220 5225 53.29 
46.70 52.46 5218 52.41 5240 5321 
46-77 5200 5224 51.94 51.99 53.26 
46.M 51.09 51.78 dry 51.18 52.W 
46.84 50.64 51.38 dry 50.73 !j2.22 
46.90 50.18 50.60 502û 51.42 
46.90 50.18 50.57 50.16 51.39 
46.94 51 .S3 
46.94 50.30 56.50 dry 50.26 51.37 
46.92 51 26 

93W2 93W3 -4 93W5 93W 
53-74 52.69 5253 5252 5252 
5231 52.60 52-30 !j2.29 5232 
52.36 52.62 5237 5236 5238 
5221 52.47 5214 5213 5214 
5212 52-33 51.97 51.S 51.96 
52-22 
5219 5229 51.95 51.95 51-94 
Z 1 8  5219 51.84 51.84 51.83 
51.93 52.03 dry dry 51.72 
51.94 dry dry dry 51.65 
s i n  dry dry 
51 -69 dry 
SI -61 
51 -6ô 
51.59 
51 -62 
51.64 

51.53 

51 2 0  
dry 
dry 
dry 

51 .O2 
51 -55 
52.01 
5229  
5212 
51.81 dry 5216 
51 -73 
51 -75 
51.60 
51.52 dry 51.98 
51.58 
51.45 dry 521 4 
51 26 
51.65 



Table D l  Continued. 

Date 

3-Oct-93 
1 ObCt-93 
1 s9ct-93 
22-ûct-93 
27-0ct-93 
~Nov-93 
29-NOV-93 
29-0e~-92 
27Jan-94 
17-Mar-94 
24-Mar-94 
29Mar-94 
5-Apr-94 
8-Apr-94 
12-Apr-94 
1 6-Ap r-94 
21 -Apr-94 
28-Apf-94 
4-May-94 
1 1 -May-94 
1 $May-94 
27-May-94 
2Jun-94 
9-Jun-94 
11-Jun-94 
16-Jun-94 
23Jun-94 
30Jun-94 
74~1-94 
15Jul-94 
21 Jul-94 
28-Jul-94 
4- AU^-94 
7-Aug-94 
1 1 -AU*% 
17-Aug-94 
24-Aug-94 
30-Aug-94 
1 Hep-94 
20Sep-94 
28-Sep94 
403-94 
1 2-Oct-94 
ls-oct-94 
26-0ct-94 
3-NOV-94 
1 SNOV-94 
2SNov-94 
1 mec-94 
31 -Jan-95 
25Feb-95 
15-Mar-95 
24-Mar-95 
1 1 -Apr-95 

93UP2 93UP3 93UP3 93UP3 93lJP4 93üPS 93üR 
A B C A C 

47.19 51.68 48.05 46.04 48.01 
47-49 51.68 49-72 47.22 51.49 
47-46 51.64 50.38 47.35 52.00 
47.54 51.57 50.86 47.43 51.58 
47.52 51.66 51.ûS 47-50 51.61 47.51 45-83 
47.62 51.M 51.16 47.56 51.61 47.80 46.18 
47.71 51.50 51.18 47.65 51.52 48.03 4626 
47.74 51.34 51.01 47.67 51-35 47.78 46.31 
47.72 51-14 50.84 47.66 51.19 47.58 46.20 
47.50 51.67 50.61 47.51 51-17 47.42 462û 
47.56 51.76 50.95 47.48 51.79 47.15 46.15 
47.58 51.76 51-10 47.51 51.80 47.32 
47.62 5210 51-33 47.53 5211 47.33 
47.65 5215 51.42 47.56 5213 47.36 
47.68 5233 51.51 47.58 47.38 
47.67 53.91 51-58 5236 47.35 
47.71 5250 51-72 47.59 5248 47.40 4623 
47.75 5254 51.06 47.64 52.53 47-44 4620 

5251 5201 47.67 5241 47.44 4621 
47.83 5247 51.96 47.72 52.49 47.49 46.23 
47.86 5253 51-97 47.71 5252 47.50 4629 
47.94 5252 5206 47.84 5256 47.68 46.33 
48.03 5255 5206 47.81 52- 47.89 46.33 
47.91 5256 5208 47.8s 526û 47.65 4ô.32 
46.34 52.49 45.99 46.26 
48.02 5259 4920 47.85 5245 47.46 46.39 
47.99 52.45 50.95 47-90 52.50 47.77 46.41 
47.96 5242 51.54 47.88 52.43 47.75 46.40 
47.88 5236 51.73 47.84 52.40 47.69 46.39 
47.92 5225 51.80 47.85 5230 47.72 46.39 
47.95 5233 51.84 47.87 5237 47.73 46.41 
47.89 5212 51.80 47.85 5222 47.74 46.39 
47.90 5203 51.71 47.02 5210 47.66 46.38 
47.92 5214 51.67 47.83 5209 47.61 46.30 
47.92 5210 51.68 47.84 5207 47.65 46.41 
47.93 51.96 51.76 47.86 47.66 46-41 
47.93 51.79 51.54 47.88 47.65 46.40 
47.91 51.79 51.48 47.85 47.61 46.38 
47.94 51.70 51.45 47.88 47.66 46.42 
47.92 51.61 51.38 47.87 47.63 46.41 
47.93 51.55 51.32 47.88 47.68 46.42 
47.91 51.53 5 1 X  47.87 47.63 46.41 
47.91 51.47 51.20 47.85 47.62 46.38 
47.94 51 A9 5t.20 47.88 47.66 46.43 
47.95 51.51 50.34 47.78 47.40 46.46 
47.94 51.46 50.88 47.87 47.64 46.44 
47.93 51.42 51.10 47.89 47.69 46.46 
47.93 51.27 51.02 47.88 47.70 46.45 
17.89 51.06 50.86 47.85 47.67 46.43 
17.69 50.62 50.37 47.e 47.51 46.32 
17.57 dry 50.18 47.50 47.33 46.23 
47.52 dry 50.01 47.43 47.26 46.17 
$7.48 dry 50.02 47.45 47.25 46.14 
17.45 51.10 50.44 47.39 47.21 46.1 2 

51.65 51.46 48.71 
dry 51.46 48.74 
dry 51.35 48.67 

51.32 48.70 
51.38 48.80 
51.25 48.81 
5129 48.80 
5125 48.80 
51.21 48.82 
51.09 48.76 
50.77 48.68 
50.56 48.50 
50.48 48.41 
50.46 48.41 
50.44 48.35 
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Table D l  Continued. 

Date 

2t -Apr-95 
4-May-95 
23-May-% 
1 Jun-95 
17-Jun-95 
25Jun-95 
1 JuI-95 
Wul-95 
164~1-95 
224~1-95 
1 1   AU^-95 
1 &Sep95 
1 wct-95 
1-D~c-95 
1 Wan-96 
8-Feb-96 
8-Apr-96 
12-Apr-96 
17-Apr-9ô 
25-Apr-96 
6-May-96 
1 6-May-96 
29-May-96 
17-Jun-96 
2-Al-96 
t WuI-96 
6- AU^-96 

93UP2 93UP3 93UP3 93UP3 93UP4 93UP5 93UPS 
A 6 C A C 

47.51 51.34 50.67 47.43 51-71 47.18 46.08 
o7.n 51-63 50.97 47.49 51.70 4723 4 1 2  
4 7 . ~  5216 51.50 47.57 SUS 47.31 4.15 
47.70 51.96 51.57 47.62 5204 47.39 46.19 
47.70 51.71 51.40 47-64 51.81 47.45 46.21 
47.69 51.63 51.30 47.61 51 -73 47-42 4621 
47-70 51.67 51.26 47.62 51.68 47-43 4622 
47.71 51.52 5122 47.62 51.64 47.43 4622 
47-70 51.44 51-15 47.62 51.58 47.41 4621 
47-72 51-46 51-12 47-63 51.54 47.46 46.23 
47.70 51.36 50.71 47.65 51 -17 47-40 4625 
47.73 51 .l9 51.01 47.70 51-10 47.47 46.31 
47-85 51.50 50.99 47.76 51.39 47.48 46.35 
47.94 51.64 51.20 47.92 51-60 47-72 46.52 
48.02 5128 51.02 47.99 51-30 47.75 46.51 
48-06 50.97 50.79 48.06 51.01 47.75 46-60 
47.68 5202 51.01 47.64 51-76 47-45 4629 
47.69 5212 51-19 47.63 5260 47.42 4627 
47.72 5227 51.40 47.65 5217 47-46 4628 
41-77 
47.77 5250 51.87 47.72 5248 47.47 46.30 

5251 
47.87 5250 5200 47.82 5249 47.59 46.35 
47.93 5237 51.95 47.87 5236 47.66 46.39 
47.96 5234 51.96 47.92 5239 47.70 46.41 
48.03 5256 5204 47.96 5254 47-71 46.46 
47.99 5232 51.96 47-95 5235 47-70 46.46 ( 

93UP6 93üP6 93UP6 93UP7 93UP7 93UP7 
A B C A 8 C 

50.40 48.39 4768 47.30 46.36 
50.57 48.30 47.64 4727 46.34 
51.05 48.35 47.62 4725 46.32 
51.47 48.41 47.64 4724 46.32 
51.77 48.48 47.a 4725 46.33 
51.m 48.42 47.63 47.27 46.37 
51.71 48-46 47.66 4729 46.39 
51.73 48.48 47-65 4729 46.36 
51.70 48.48 47.64 4728 46.35 

diy 51.79 48-51 47-?2 47.33 46-41 
dry 51-77 48.62 47.54 47.35 46.40 

5239 5246 48.79 47.82 47.45 46.46 
5248 5250 49.00 48.00 47.62 46.51 
52.51 5259 49.23 48.30 47.83 46.79 
52.03 5202 49.21 48.35 47.86 46.81 
51.78 51.67 49.18 48.36 47.82 46.77 
dry 50.82 48.73 48.05 47.57 46.60 
dry 50.79 48.66 48.02 47.57 46.59 

50.85 48-74 48.07 47.59 46.62 
50.71 48.61 47.98 47.56 46-58 

dry 50.65 48.52 47.91 47.51 46-55 

dry 51.M 48.47 47.79 47.38 46.48 
5221 5224 48.55 47-76 47.37 46.48 
5264 5262 48.66 47.81 47.46 46.53 
5259 5267 48.76 47.86 47.52 46.57 
5228 5245 48.85 47.96 47.54 46.58 



Table D l  Conthued 

Date 

1 O-Ocl-9: 
15-0ct-9: 
22-0ct-9: 
27-ûct-9: 
WOV-93 
29-NOV-9: 
29-Dm-9: 
27Jan-9ri 
1 7-Mar-Sr 
2eMar-9 
29-Mar-* 
5-Apr-94 
aApr-94 
1 2-Apr-94 
16-Apr-94 
21 -Apr-94 
28-Apr-94 
4-May-94 
1 1 -May-& 
1 $May-% 
27-May-94 
2-Jun-94 
Mun-94 
11-Jun-94 
1 6-Jun-94 
23-Jun-94 
361un-94 

dry 45.91 45-43 46.02 45.45 
dry 45.95 45.55 46-03 45.45 

46.14 46.04 45.39 
dry 45.92 45.66 46.01 45.41 
dry 45.99 45.71 4597 45.41 

46.13 45.79 45.97 45.36 
46-10 45.88 45.98 45.38 
46.24 45.93 45.99 45.39 
46.24 45.97 46.02 45.41 

dry 46.37 46.11 46.09 45.41 
dry 46.39 46.09 46.07 45.42 

46.77 46-58 46.18 46.06 45.43 

dry 46.79 
47.01 47.02 
46.91 47.04 
46.80 47.00 
dry 46.90 
dry 46.86 

46.77 
46.61 



Table Dl Continued. 

Date 

4-May-95 
23.May-9! 
1 Jun-95 
17-Jut-1-95 
2SJun-95 
13~l-95 
Wur-95 
1 WUI-95 
224~1-95 
1 1-Aug-95 
18-Sep95 
1 O-oct-95 
1 -0ec-95 
10-Jan-96 
8-Feb-96 
8-Apr-96 
12-Apr-96 
17-Apr-96 
2SApr-96 
6-May-96 
16-May-96 
29-May-96 
17Jun-96 
2411-96 
18-Jul-96 
6-Aug-96 




