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ABSTRACT

A bromide tracer was introduced to the central pond of slough 109 at St. Denis,
Saskatchewan in April 1999. For the next two years bromide distribution in surface water and
groundwater, and groundwater flow directions were investgated in order w0 delineate
subsurface solute pathways and to characterize chemical evolution of the pond.

Water samples from piezometers and pond water, and pore water extracts from soil
samples reveal that bromide mosty stays within the top metre of sediment beneath the pond
and concentrates under the pond edges. Upon infiltration, water and solute from the pond
take a shallow, lateral path toward pond edges, along the principal directions of groundwarer
flow, and follows nearsurface, high-permeability soil horizons. This movement is driven by
root uptake by trees and marginal pond vegeration.

During the spring and summer of 1999, bromide levels in the pond decreased as
water level decreased due to the occurrence of heavy rains in June and July. Mass balance
calculations used to model the daily change in pond concentratien due to precipitation and
evaporation were fit to measured bromide concentrations using the methed of least squares.
Optimal agreement of the dara is achieved using an assumed width of 12.6 m for the
vegeratdon margin, the area of which represents the contribution of evapotranspiration to pond
water loss. This value very close to the actual width of the willow ring measured in the field.

In the spring of 2000, bromide was again detected in pond water due tw diffusion of
accumulated bromide from shallow levels in the bottom sediments. Mass balance calculadons
show that this bromide entered the pond through mixing with pore water from the top 0.40.5
m of soil, which corresponds to the soil's A-horizon.

All 24 kg of bromide introduced to the pond in spring of 1999 could be accounted for
in pond water, vegetation, and in soil to a depth of 3 m through July 2000. Even though root

uptake of groundwater drives subsurface flow and solute transport, less than a kilogram of this



bromide was incorporated into plant tissues through root uptake.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Topic and Previous Work

The undulating terrain of the Northern prairies is dotted with millions of small
wetlands. Commonly referred to as "sloughs”, these wetlands often occur as closed carchments
without significant or sustained surface water inflow or outflow. They therefore act as
"independent hydrologic systems™ and prove to be favourable sites for the study of water and
solute transfer (Hayashi, 1998a).

Prairie wetlands form where water collects in depressions on the landscape. Sloughs in
low-lying areas are generally fed by groundwater inflow while sloughs situated on uplands
typically recharge groundwater, and often contain water for only part of the year (Lissey, 1968;
Hayashi, 1996). Recharge sloughs on uplands most often occur by collection of spring
snowmelt and snowmelt runoff in topographic depressions (Willis et al., 1961; Lissey, 1971).

The hydrology and water quality of these wetlands are heavily influenced by the
exchange of water and chemical constituents with surrounding uplands (Hayashi et. al.,
1998b). Consequently, the existence and fate of these wetlands is of importance to the practice
of agriculture on adjacent farmland, since movement and accumulation of solutes can affect
salinity and nutrient content of nearby soils. Farming is the predominant land-use activity in
the prairie region, with the principal crops being wheat, canola, barley and oats (Donald et. al.,
1999). To maximize yields, various herbicides, insecticides, and fertlizers are applied to
croplands in spring and summer. These chemicals often end up in sloughs by aerial
application and runoff (Donald et. al., 1999).

Prairie sloughs are also homes and breeding grounds for many types of plants, insects,

and waterfowl. Thus, the residence and eventual fate of chemical constituents from natural or




anthropogenic sources in wetlands is also important to the ecology of the region. With the
extensive use of farm chemicals on the prairies, the danger of levels that these chemicals reach
in ponds has become a concern. Dorald et al. (1999) found during a 6-year study that in mid-
summer, 9-24% of wetlands in southern Saskatchewan contained levels of pestcides that
exceeded ecotoxicological guidelines.

[t is for these reasons that, in the last 35 years, attempts have been made to better
understand the role wetlands play in the physical and chemical hydrology of the prairies.
Lissey (1968, 1971) propased that most groundwater recharge and discharge in the prairie
environment takes place in land-surface depressions that are commonly occupied by wetlands,
and coined the term "depression-focussed recharge”. In a pioneering study, Meyboom (1966)
described seasonal groundwater flow patterns in a recharge slough and showed that root
uptake by trees at slough margins drives infiltration and lateral groundwater flow from sloughs
in summer. Millar (1971) studied rates of infiltracdon and water loss in sloughs, and
established the existence of a direct relationship between rates of water loss and pond
perimeter-area ratios. This finding further supports the notion that evapotranspiration at
slough margins is a major factor affecting water loss in sloughs. Mills and Zwarich (1986) and
Woo and Rowsell (1993) locked at the effects of such factors as precipitadion,
evapotranspiration, and snowmelt, on the local and regional flow systems in the vicinity of
sloughs. Rosenberry and Winter {1997} observed a "water table trough” adjacent to wetlands
that forms as a result of evapotranspiration at the slough margins.

Very few of these early works integrated both hydrology and chemical evoludon of
wetlands, however. Lebaugh et al. (1987) was one of the first to relate wetland water chemistry
to hydrologic processes. This work showed that water table highs did not always occur beneath
land surface highs, and that significant differences exist in the chemical composition of nearby
wetlands depending on whether they are in recharge or discharge zones. Miller et al. (1985)

studied soils around recharge sloughs in cenmral Saskarchewan and discovered varying chemical
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characteristics from differenct areas of a catchment related to localized discharge, recharge, and
lateral flow.

Zebarth et al. (1989) observed shallow, lateral groundwater flow from sloughs, and
demonstrated the influence of lithology on these flow parterns. They, as well as Steinwand and
Richardson (1989) also observed salt accumulations at wetland edges that appear to be the
result of evapotranspiration. Hayashi et al. (1998b) described 2 cycling of chloride between
slough and upland and also demonstrated that infiltrating water transports solutes laterally to
uplands. These solutes were found to accumulate near the surface due t evapotranspiration,
and snowmelt runoff in the following spring was observed to return some of these solutes
back to the slough.

Solute accumulations have been observed at slough margins, but litde is known of the
pathways taken by solutes to where they concentrate or the hydrologic and lithologic controls
affecting their transport. The study described herein is a more detailed examination of the

cycling of salts between sloughs and slough margins.

1.2 Purpose and Objectives

As stated previously, licde is known of transport pathways of solutes that cycle between
wetland ponds and margins, however previous work can provide some ideas. Zebarth et. al.
(1989) observed high permeability deposits at the soil surface in sloughs, along which lateral
flow may be preferentially focussed. Meanwhile, Hayashi et. al. (1998a), Miller et al. (1985)
and others described fractures and sand lenses in shallow, oxidized dills, which could provide
deeper and more tortuous flowpaths.

The current study describes an attempt to delineate pathways and accumulations of
solutes as they cycle between surface water and groundwater in a typical recharge slough and

surrounding upland. To investigate these phenomena, a bromide tracer was released into the




central pond in eacly spring of 1999. Bromide was chosen as the tracer since it is considered
conservative, in that it is largely non-reactive and does not readily sorb to soil particles, and it
occurs in nature at very low levels, unlike other commonly-used conservative tracers such as
chloride (Flury and Papritz, 1993).

The main objectives of the experiment were 1. to study the change in bromide
concentration in pond water from early spring to dry-up in late summer and relate this change
to water losses and gains due to evaporation, infiltration, and precipitation, 2. © observe
where the applied bromide accumulates in the subsurface soil water, and 3. to relate the
observed bromide distribution in soil to groundwater flow and lithological patterns and
determine the principal migration pathways followed by the tracer. In doing so, the
total mass of all applied bromide in surface water, groundwater, and vegetation will be
accounted for by means of a mass balance.

Here, we look only at prairie wetlands, but methods and findings can be applied to
such topics as the effects of marginal vegeration on the water quality and baseflow of streams
(Hill, 1996; Constantz, 1998), near-shore recharge at lakes in karst terrains (Lee, 2000), and
localised and seasonal recharge and discharge in boreal wetlands (Siegel, 1988). Also, by
characterizing the migration and behaviour of the conservative bromide tracer in groundwater,
one can use these results to predict that of other, non<onservative chemical species, such as
halogenated organics or nitrates in pesticides and fertilizers provided sorption to soil particles
and chemical reactivity of these species in the subsurface are accounted for. Conversely, by
comparing the behaviour of conservative species to that of non<onservative species, a better
understanding of the sorption and reactive properties of such contaminants can be obtained as

well.



CHAPTER 2

MATERIALS AND METHODS

2.1 Field Site

The experiment was carried out at slough 109 located in the St. Denis National
Wildlife Area (106°06’ W, 52°02" N), approximately 40 km east of Saskatoon, Saskachewan
(Figure 2.1). It has been previously studied by Miller et al, (1985), and by Hayashi et al.
(1998a,b), and is therefore, wellequipped with a network of piezometers, wells, and other field
instrumentation. Slough 109 and several other, similar wetlands are situated in a culdvated
field of about 1 km* area which lies on a regional high about 10-15 m above the floor of a
surrounding valley. The area has a hummocky topography and is underlain by a clayey glacial
dll. The dll is oxidized to a depth of about 3 m and is underlain by grey unoxidized dll. Thin,
discontinuous sand lenses are scattered throughout. A continuous clay layer occurs at about 8
m depth, and a sand aquifer lies at a depth of about 25 m (Hayashi et al. 1998, Figure 2.2).

Crops on the surrounding field consisted of wheat in 1999, and peas and lentils in
2000. Swamp smartweed (Polygonum coccineum Muhl.), cow parsnip (Heracleum lanacum
Michx.), sedge (Carex Athrodes) and grasses grew in and around the central pond over both
summers, and grew to heights of 1.5 m. Willow (Salix amygdaloides), aspen (Populus
tremuloides), and poplar (Populus balsamifera} grow along the slough margins forming a
typical “willow ring (Meyboom, 1966). The willow ring is about 10 m wide in most areas, but
an area of mainly aspen on the east side is about 20 m wide. Willows on the north and west
sides were not much higher than about 3 m. Aspen and poplar ranged in height from 5w 8
m.

The yearly average temperature in this acea of Saskarchewan is 2 °C with means of
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Figure 2.1 Map showing location, topography, and instrumentation of the study area (Modified
from Hayashi et al. (1998a).
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-19°C in January, and 18°C in July (Ammospheric Environment Service, 1997, 2000, Hayashi
et al., 1998a). The mean annual precipitation is 360 mm, with about 280 mm occurring as
rainfall in spring, summer, and fall. However, over the last 30 years, annual precipitaton has
ranged between less than 300, to over 400 mm (AES, 1997; Hayashi et al, 1998a). The year
1999 was characterized by relatively wet conditions, with 355 mm of rainfall occurring berween
April 7 and November 3. Of this, 276 mm fell between April 28 (intreduction of the tracer)
and August 9 {(dry-up of the pond). Annual lake evaporation in this area is approximately 700
mm (Morton, 1983, Hayashi et al., 1998a).

Variation in climatic conditions is one of the major factors controlling pond
conditons. Over the last 30-35 years, maximum yearly pond water levels have ranged between
0 and 1.3 m depth (Millar et al, 1998, Hayashi et al., 1998a). [n 1999, the pond reached a
maximum depth of about 52 cm in spring, and the pond was only 37 cm deep at its highest
level in 2000.

Here, several different terms will be used to refer to different areas in and around

slough 109. The term “"pond” will be in reference to the open water area in the depression,
while “wetland” refers to the depression itself and the surrounding willow ring. The term
"catchment  will be used for the entire area within the surrounding drainage divide (figure

2.1). The total area of the catchment is approximately 24,000 m? (Hayashi et al., 1998a).

2.2 Piezometer [nstallation

In October of 1998, when the pond bottom was dry, 12 piezomerter nests were
installed along north-south, and northeastsouthwest transects through the middle of the
catchment. The nests along each transect were spaced roughly 10 m apart. Each nest conained

at least 3 sminless steel piezometers with intakes at 1, 1.5 and 2 m below surface respectively,



with the exception of nest #7 (Figure 2.1) at which a piezometer could not be installed 0 2 m
depth due to the presence of an apparently large boulder. Nests located in and around the
pond and enclosed by the willow ring each included a bundle of 3 mini-piezometers with
depths of 20, 40 and 60 cm. Odd-numbered nests along each transect included a piezometer
of 3 m depth installed in augered holes of 6 cm (nests#5, 7, 9), or 10 cm (nests#1, 3, 11}
diameter.

Mini-piezometers consisted of segments of 0.43 cm [.D. {0.17"} polyethylene tubing
bundled and tied to an aluminum rod. Each mini-piezometer bundle was placed in a hole
made with a small soil core hand sampler, and backfilled with soil to the ground surface. The
portion of the bundles sticking up above surface was encased in a 3.8 cm (L.5") PVC pipe and
cap. Figure 2.3 is a schematic diagram of a piezometer nest conmining all types of piezometers
instatled.

The three steel piezometers in each nest consisted of 0.92 c¢m [.D. (0.364"} stainless
steel tubes that were simply pushed and pounded into the clayey dll to their respective depths.
This was done with the aid of a pointytipped brass insert that was placed at the leading end of
the piezometer tube t prevent soil from entering. The shaft of the insert was ¢ylindrical with a
diameter of 0.7 cm so it could fit easily into the tube and to prevent it from becoming stuck
and permanendy blocking the tube opening. The coneshaped dp was therefore made with a
base diameter of 1.7 cm, just slightly larger than the outside diameter of the piezomerer twbe
(1.4 ¢cm), to ensure soil would not enter as the shaft shifted slightly. When the twhbe was
inserted to the desired depth, a small quandty of sand was poured into the open end, and the
tube then was pulled up 10 ¢m. This left a small sandpack underneath the bottom end, and
above the brass insert, which was left behind in the clay below. Measurements of the distance
from the top of casing down to the sand pack when the piezometers were dry verified thatall

or most of the sand left the tube and filled the void.
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Figure 2.3 Schematic diagram showing the various types of piezometers installed in new
piezometer nests.
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The deepest piezometers were constructed from 4 m-ong, 1.3 cm (1/2") polyethylene
tubes with 1.6 ¢cm diamerer slotred screens fitted over one end, also of polyethylene. These
tubes were placed in 3 m deep augered holes, which were filled from the bottom up with a
sand pack, bentonite pellets, and bentonite chips. The top | m of each tube, which sticks up
above ground surface was encased with a 5.1 cm (2") PVC pipe and plastic cap.

The elevations of piezometer casings with respect to sea level were determined for all
piezometers used in the study. A level survey of casing tops was conducted in the summer of
both 1999 and 2000 to prevent measurement errors due to frost heaving during the spring.
Piezometer 802P1, one of Miller’s (1983) series of piezometers located at the north end of the
pond, was used as the elevation benchmark, since it is one of the deeper wells, and it has
been found to be a stable benchmark in past surveys (Garth van der Kamp, personal
communication). [n comparing elevatons determined in 1999 and 2000, some movement of
piezometers was observed to have occurred between field seasons, with casing elevations
increasing slightly in most cases. Piezometers located on the wetland edges and the upland
moved only a few millimetres at most, while some of those in the middle of the pond moved
as much as 4 cm. Similar movement of piezometers has also been observed elsewhere (Conly
and van der Kamp, in press).

The possibility of contamination from trace bromide in bentonite seals was
investigated. Soil extracts were used to determine bromide concentrations for bentonite pellets
and chips from the same manufacturers as those used for piezometer installation. Bentonite
product was added to deionized water in a 1:5 mass ratio using a method similar to that of
Remenda and Van der Kamp (1997). Samples were shaken and centrifuged, and supernatent
was collected for IC analysis following the procedure described in section 2.5 below. None of
the bentonite products were found to contain detectable levels of bromide, although there was

significant amounts of chloride. An extract from one sample contined about 30 mg/L

11



chloride.

Slug tests (Hvorslev, 1951; Freeze and Cherry, 1979) were performed on most of the
newly-installed piezometers to test their reliability and lag dmes. Basic time lags and hydraulic
conductivities calculated from these tests, as well as specifications for these and other
piezometers and wells installed by Miller (1983) and Hayashi (1996) are given in Appendix A.
Note that slug test results are not available for many of the new piezometers, since a lot of
them contained water for little or no time during the 2 years of the experiment. Also, some

others took longer than the weekly measuring period to recover significantly.

2.3 Introduction of Tracer

The tracer was applied to the central pond on April 28, 1999, after snowmelt was
completely finished and the pond level began dropping. Portions of approximately 4 kg of
technical grade sodium bromide (Van Waters and Rogers, Lid) were each mixed with slough
water in 20 L polyethylene jugs. To achieve an even application of tracer, the jugs were
emptied through a spigot from the back of a small boat, as the boat was being paddled around
the pond. This was repeated 10 times, thus introducing 40 = 0.5 kg of sodium bromide (24 kg
of bromide ion) to the pond and increasing the concentration of pond water to almost 100

mg/L bromide.

2.4 Water Sampling

Surface water was sampled at ‘ve locations in the pond; at the pond centre, and at

each of the north, south, east, and west corners, about 2 m from the water edge. Samples

taken within an hour of tracer application ranged in concentration from 50 to 150 mg/L
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bromide, but samples from 2 days later all measured close to the expected concentraton of
100 mg/L, showing that the pond was well-mixed. A small boat was used to access each
sampling locadon to minimize disturbance of the bottom sediments. Sampling was done at
these locations undtil July 1999, after which the pond area was too small to make it practical.
Sampling was done only at the pond centre after this. At each location, a 60 ml polyethylene
bottle was submerged, filled to the top, capped, and labelled.

Water in piezometers was sampled by suction from the piezometer bottom through a
0.64 cm (1/4") polyethylene tube using a small syringe. Mini-piezometers were sampled in a
similar fashion, with the syringe being connected directly to each 0.64 ¢cm (1/4") piezometer
casing. After complete removal of water from a piezometer, the syringe and sampling tube
were emptied into a 30 ml boule, which was then capped and labelled. The low hydraulic
conductivity of the dll, and the resultant slow response of many of the piezometers, made
purging of piezometers impractical. Analysis of pre- and post-purged samples collected from 2
of the faster-responding piezometers (the mini-piezometers in nests #4 and #7 with inwkes at
20 ¢cm) showed that bromide concencration before and after purging were not significantly
different. Pond and piezometer water were sampled on a monthly and sometimes weekly basis
in spring and summer of 1999 and 2000, when water was available. All water samples were
syringe-filtered through .45 um cellulose nitrate membranes and stored at 4°C for several days
to weeks. Selected samples were chosen to be analysed for bromide and chloride by ion
chromatography (IC). Between sampling periods, sampling syringes and tubing were rinsed

with deionized water to prevent contamination from previous sampling episodes.

2.5 Soil Sampling and Pore Water Extraction

Soil samples from various depths were collected from above the water table in October

13



1999, from holes located at the mid-points between successive pairs of nests along the 98-
series piezometer transects. There were additional holes augered alongside selected
piezometers and at several new locations spaced 10 m along a transect extending to the
southwest of nest #5. The samples were recovered slightly disturbed from 10 ¢m depth
intervals using 6 cm-diameter hand augers. All of the holes from which samples were obuined
were filled to the surface with bentonite chips. Samples were sealed in plastic bags, and stored
at 4°C for several days to weeks before pore water was extracted for analysis.

Approximately 50 g of each sample was oven-dried for 24 h at 105°C and weighed to
determine gravimetric water content. About 100 g of wet sample was then placed in a 250 ml
polyethylene bottle, and deionized water was added to dilute the estimated quantity of pore
water by a factor of 5. After addition of water, samples were placed on a mechanical wrist-
action shaker and shaken vigorously for 4 h. Shaken samples were centrifuged at 7000 rpm
for 1/2 h, and supernatent was collected in small sample vials. The procedure for pore-water
extraction was based on a method described by Rhoades (1982), and the 4 h shaking dme was
the same as used by Hayashi et al. (1998b) for till samples from the same area. Supernatent

was syringe-filtered through .45 um cellulose nitrate membranes and analysed for bromide

and chlaride by IC.

2.6 Vegetation Sampling and Chemical Analysis

Different types of vegetation were present in different areas of slough 109 and its
catchment in the summer of 1999. The pond was overgrown by mostly swamp smartweed to
the northeast, and a mixture of smartweed, sedge, and cow parsnip to the southwest. Sedge
predominated over a small area in the centre of the pond. The surrounding tree ring consisted

of mosdy willow and poplar to the north and west, and mostly aspen with some poplar o the
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south and east. Outside the trees was wheat field except for a patch of thin grass on the north
side where several piezometers and other instrumentation were located. These different areas
defined vegeration "zones" which provided the basis for the cheice of locations sampled in
early September 1999 (Figure 2.4).

Vegetation was sampled inside a I m*® wooden frame placed at the approximate mid-
point of each vegetadon "zone" along N-S and E-W twansects that intersected the middle of the
catchment (Figure 2.1). All emergent plant material within the frame area was cut using garden
shears and bagged (Figure 2.5). Only above-ground portions of vegeration were obtained, since
sampling root systems was, in some cases, impassible (i.e. for trees), and such sampling would
cause too much disruption of the sediments on the pond bomom. [t is believed that very little
bromide would be unaccounted for because of this, since root systems typically make up less
than 10% of the dry mass of such plants, and most solutes that are incorporated into plants
by root uptake end up in leaves and stems (Karcher, 1995).

[t was deemed impractical to collect entire trees from the tree ring, so total biomass
was estimated in two steps. First, the volume of a tree trunk was calculated by taking it to be a
cylinder with a diameter that is the square root mean of the end diameters (top diameter aken
to be zero) after Moore and Chapman (1986). Secondly, averagesized branches were taken
from each tree within the sampling area, and their masses were multiplied by the number of
branches present. The mass of the rrunk was determined from a density estimate derived from
the mass of a small, cylindrical segment of the branch sample.

The fresh plant material was stored for several weeks in a freezer at -10°C. The
samples were subsequently thawed, weighed, rinsed with deionized water, and then oven-dried
at 70°C for 24 h and reweighed. The dried material was broken down by hand and passed
through a 1 cm mesh. Each sample was then split to obtain small subsamples which were

processed through a Whiley mill with a 1 mm mesh, to form a fine powder. Other dry

15



— . Carp
Upland North (grass) T " Meny Boy,
. nd&‘ry
Upland
| |
Pond Centre
[
> / '
/ — 1T
S
Pond Southwest - /A‘A
. / B
/ g
\ O 30m e ;),t\&aﬁ Y
ob—1 1 Gt ey
\ . /C‘-&‘Chm N

Figure 2.4 Map showing areas of distinct plant types {dashed boundaries) and vegeration
sampling locadons (black squares).

16



Figure 2.5 Vegetation sampling apparatus.
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subsamples were weighed and oven-dried again at 105°C to determine water content of the
plant tissues. The reason for the initial lowertemperature drying was to avoid any volatilization
of chemical species present in the plant material being analysed (Walinga et al., 1995).

To prepare the samples for chemical analysis, 1 g of each milled sample was placed in
a 100 ml flask and 50 ml of deionized water was added. The powder suspensions were shaken
for 1/2 hr, and passed twice through a filter paper following the "Extraction with water”
procedure for chloride described by Walinga et al. (1995). Filtrate was collected in small vials,
and was later filtered again through a .45 um membrane and 2 porcelain filter treated with

acetonitrile in preparation for IC analysis.
2.7 Precipitation and Water Level Measurements

Pond warer levels were measured using a pressure transducer placed at the bottom of a
3.8 cm diameter sdlling well located near the middle of slough 109. Levels were recorded every
half hour by a.dam logger. Manual measurements were obtained monthly and sometimes
weekly by measuring the height of a central metal stake, of known elevation, above the pond
water level.

Water levels in piezometers were obtained by measuring down to the water from the
tops of the piezometer casings with a dropline. The elevations of piezometer casings are all
known.

Precipitation was measured with a tipping-bucket rain gauge between April 7 and
November 3, 1999, and between March 16 and July 28, 2000. Tipping bucket measurements
were recorded every half hour by a data logger. Winter precipitation was measured at

Saskatoon airport (Atmospheric Environment Service, 1997, 2000).
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2.8 Water Balance

Daily mass balance of bromide in the pond was calculated to model the change in
pond concentration due to the change of water volume from infiltration, evaporation, and
precipitation. The water balance and changes in bromide concentrations were calculated for

each day of the experiment. The water balance for the pond was calculated using the reladon:

9 pLR-E-1I (1)
dc

where z is pond water depth, P is precipitation, E is open water evaporation, and [ represents
infilcration or all warter that is lost by seepage into the ground (all in units of L ¢'). Runoff, R
(L ¢*), was not measured directly, but was estimated daily from the difference between pond
level rise (if any) and precipitation. For most days, this value was only a fraction of a millimetre
and often negative, and was just assumed to be zero. Pond water volume and open water area
were calculated daily from pond depth using the volume-depth (V) and area-depth (A=)
functions determined for S109 by Hayashi and Van der Kamp (2000). They are given as

follows:

A = 318Q:!* (2)

V = 1420z 4% (3).

Since daily change in pond depth is small compared to the total depth, the daily

change in pond water volume can be given by

Vo ap+R-E-D @
de



where A equals the open water area of the pond. The daily change in bromide mass in the
pond is therefore given by the following expression from Hayashi et al, (1998b), assuminy

negligible diffusion or vegetative uptake:

vaC . eV - acp + CR - CD. (5)
dr dr

In Eq. (5), C is pond concentration and C, is average concentration in precipitation, which
herein is taken to be 0.01 mg/L (Flury and Papritz, 1993). Runoff was not analysed for
bromide, nor was it sampled on a regular basis, so concentration in runoff, Cy was assumed
equal to C,. Precipitation, which contains essentally no bromide, acts to dilute pond water,
while evaporation concentrates bromide in pond water, and infiltration does not change
concentration. Substituting Eq. (4) into Eq. (5), the daily change in bromide concentration was
determined, as by Nir (1973), as follows:

dc (| AGP + GR  CAP+R-B
dt v vV

(6)

The change in bromide concentration calculated from Eq. (6) could then be compared
to the actual change observed in pond water samples. A difference between the two would be
indicative of other processes affecting the bromide concentration that were unaccounted for in

the mass balance.




CHAPTER 3

ANALYSIS AND RESULTS

The following describes the changes in concentration of bromide in pond water,
groundwater, and vegeration and how they relate to such processes as precipitation,
infiltration, and evapotranspiration. In 1999, distributions of solute in ground and surface
water were the main focus, while in 2000, diffusion of solute from sediment into newly-
ponded snowmelt water was investigated as well. In these sections, each year of the study will

be dealt with separately.

3.1 Calendar Year 1999

3.1.1 Surface Water

[n 1999, the water depth in slough 109 reached a peak of 52 c¢m after snowmelt was
complete in mid-April. This translates into a pond water volume of 274 m’ and a runoff
equivalent of about 11 mm over the area of the catcchment. After this, the pond level began to
drop steadily, and the bromide tracer was introduced on April 28, 1999, when the pond depth
was at about 45 cm. Before introduction of the tracer, pond bromide levels measured below
detection limits of the [C. The release of the tracer increased the bromide concentration of the
pond to 98 mg/L. The concentration increased slighdy in May to just over 100 mg/L as
precipitation levels were low and water was being lost from the slough by evaporation and
infiloraton. Through June and July, heavy rains and runoff slowed the rate of pond level
decline, and caused the pond bromide concentration to drop as well (Figure 3.1). For most

rain events, there was no significant amount of runoff, but there were several times, during the
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really heavy rain events, that a rise in pond level was as much as 10 mm more than the
amount contributed by precipitadon (Figure 3.2). After conditions became drier in late July,
the remaining water in the pond disappeared over a period of about 2 weeks. The pond was
completely dry by August 9 excepr for some small puddles at the centre that were sustained
through mid-August by a few more heavy rain events.

An attempt was made to characterize the change in pond bromide concentration based
on the cperation of evaporation, precipitation, and infiltration. There was no reliable
independent measure of evaporation or infiltration, but total water loss from the slough can be
estimated from Eq. (1) on most days when runoff is negligible. Rough estimartes of
evaporation, E, were determined for time periods between evaporation pan measurements, but
these were highly variable, with estimates ranging from 1.1 mm/d to 7.2 mm/d, with no clear
seasonal patterns. This was probably due to shifting of the pan on the muddy pond bottom,
and introduction of foreign objects into the pan (frogs, wind-blown leaves, etc.). The average
evaporation rate, determined from pan measurements from May 26 to August 9, was about
3.3 mm/d.

Artempts were also made to estimate infiltration, [. First, [ was calculated from
Darcy’s Law using hydraulic gradients measured in piezometers, and hydraulic conductivities
determined from slug tests. The variable recovery behaviour of these piezometers, as well as
subsurface heterogenieties gave values determined by this method a high level of uncerminey,
however. [nfilradon was also calculated using Eq. (5) for the period mid-June to mid-July
when the pond level was somewhat constant. This, like the other methods, provides a
constant, average value for [, which is not necessarily representative of the true conditions on a
daily basis. This is because of differences in air temperatures and transpiration activity of
vegetation, both daily, and between spring and summet. Both methods of estimating [ were

fairly consistent however, yielding values of approximately 5 mm/d.
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To obtain reasonable, separate values of these parameters on a daily basis, estimates of

the ratio of infiltration to total water loss (f) were used. This ratio is expressed as follows:

f= (M.

First, constant values of f were used over the course of the experiment, and values of E and |
derived from them were applied to Eq. (5) for each day. Figure 3.3 shows that measured
concentrations fit calculated values more closely for lower values of f in spring, and higher
values of f in summer when the pond was smaller. The bestfitting value of f increased from
about 0.6 in May, to over 0.7 in late July when the area of the pond was smaller.

Millar (1971) established 2 linear correlation between water loss and pond perimeter-
area ratio (p/A), and his results can be reinterpreted as follows (Garth van der Kamp, personal

communication):

A— = AE + wpE (8).

As shown in Eq. (8), pond water volume loss is taken as the sum of evaporation from the
pond surface area (A), and pond water infiltration which results from evapotranspiradon
(assumed to operate at the same rate, E, as evaporation) from the area of the marginal
vegetation zone of width, w (wp). Since the pond is nearly circular in shape, the area of the
pond margin is slightly underestimated by this. As the pond decreases in size in late summer,
and the size of the pond margin and its contribution to water loss becomes relatively large, the
error in the pond margin area will create an increasingly significant error in the determination
of relative contribution of infiltration to the toeal loss (f). A much more accurate means of

determining f would result from a better model for the shape of the pond margin. Eq. (8) can
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therefore be rewritten more generally as:

A% S AE+ A E o).

dr ‘margin

Nodng that [ is infiltration beneath the pond area, and assuming that most infiltration is the

tesult of transpiration of marginal vegetation,

Am:qm
A A
f:E[I= : = e (10).
+ , +
E + mnrglnE margin

A

Taking the area of the pond as that of a circle with radius, r, and the marginal zone as a

concentric ring of width, w gives:

t‘ = Am‘m“ = n[(r * W)z - rll (11)

A+ Ammn nrl + “[(1’ + W)z - r!]

which reduces to:

= ; (L2).

Since A and p could be estimated daily from Eq. (2}, assuming a circular pond, daily

values of f could therefore be cbmined from an estimate of w, the width of the marginal




vegetation zone. Pond bromide conceneratons were calculated daily by applying the values of E
and [, obrained by the new estimates of f, to Eq. (6). These calculared concentrations were
then fit more closely to the actual measurements by recalculation of w by the method of least
squares (Figure 3.4). Optimal fit of the dam was achieved for a width of 12.6 m, which falls

very close to the average measured width of the willow ring measured in the field (13 m).

3.1.2 Groundwarer

Groundwater flow in the nearsurface sediments beneath the pond was downward and
laterally divergent toward pond edges through most of the spring and summer, except a "flow-
through” condition {Lebaugh et al., 1987) might have existed for a brief period in early spring
when the water table and hydraulic heads were reladvely high to the south of the pond (Figure
3.5a). In summer, as trees in the surrounding willow ring began to transpire more actvely, a
“water table trough” (Rosenberry and Winter, 1997) and hydraulic head lows accurred
beneath the tree ring (Figure 3.5b). As implied in the previous section, this condition
increased infiltradion rates and accelerated the lowering of the level of the nearby pond. By late
summer, the water rable beneath the pond had dropped to below the level of the water table
under the upland. This caused the principal flow directions to reverse towards the pond centre
from beneath the surrounding upland, in 2 manner similar to that described by Meyboom
(1966} (Figure 3.5¢).

{n the spring of 1999, bromide began to be detected in piezometers, and in some of
the deeper piezometers, bromide was present much earlier than expected considering the low
hydraulic conductivity of the tll. By mid-May, bromide was appearing in piezometers at depths
of 2 m in piezometer nests #6 and #8 (Figure 3.6a). This likely was the result of pond water

following preferential pathways, either along the stinless steel piezometer casings, or some



precip. (mm)

110

100

60

concentration (mg/L)

50

40

30

’)0 I3 L e e - 1 L L L — | 1 I
&

04/19 04729 05/09 05/19 05/29 06/08 06/18 06/28 (7/08 07/18 (07/28 08/07 08/17

Figure 3.4 Change in pond bromide concentration in 1999. (a) Daily precipitation (b} Measured
and calculated bromide concentradons.

29



N S

May 1243, 1999
E
[=4
g
-
-]
-~
o
0 T W O« N & 10 s % 1w 10 10
|
5544
5524
€
[~
3 5504
z
>
o
<
S48
46~
T + 0 v 14 H T v T ] H
0 w0 I 0 100 0 110
Sepember 89, 1995
554
&3]
551
E - - -t - e e - -
> :
2 ssd \.g,
< N "
>
= *
S48+
S46-
MerTes
T T T H 13 L U 1§ v T 13 1
0 woom ® 4« % & T 8& % 0 10 120

Figure 3.5 Hydraulic head distribution and inferred directions of groundwater
flow. Contour interval = 0.1 m. Dashed line indicates the position of the water
table.

30



levation (m) elevation (m)
clevanion {m) elevation

elevation (m)

<N
May 1213, 1999

554+

552+

550+

554

530

80

5544

550+

548 . i . : : :

60

T
90

1
548 . . . . . . : :

Figure 3.6 Subsurface bromide distribution, 1999.

3



natural features such as fractures or roots. To test this idea, a simple mass balance was
calculated for the sediments beneath the carchment. The sediments were divided into zones at
different distances from the centre of the slough as shown in figure 3.7. Bromide mass in each

zone was determined by the expression

m = 8,C, V... (13)

where B, is an estimate of average volumertric water content (Here, we use 8, = 0.4), C,,, is the
average bromide concentration in the zone, and V,, is the estimated volume of the zone. The
volume of the central zone is calculated taking the slough to be approximately a circular shape,

using

V = iz (14)

with t being the horizontal distance from the edge of the zone to the pond centre, and = is the
depth interval in the soil profile. The mass in the zone that includes the pond edges would be
determined by a similar method, except this zone would be in the shape of a "doughnut™ with
the central zone volume removed.

With concentrations of samples from the problematic piezometers included in the
calculaton, total bromide mass in sediments was found to be about 36 kg, much more than
the 24 kg that was originally applied (Table 3.1). With the unreasonably high concentradons
from these deep piezometers removed (Figure 3.6b), the mass balance yielded a slighdy high,
but more reasonable mass of about 26 kg of bromide (Table 3.2). This provides further
evidence that these high concentrations at depth were only representative of very discrete
zones. These could have been natural features such as fractures in the tll or decayed root
systems. They could also have simply been conduits formed along the casings of the stainless

steel piezometers, either due to frost action, or unfilled annular space between the piezometer
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Table 3.} Summary of groundwater bromide mass balance, May 1999.

depth | Centre (V ofinterval = 19.6m?) | Edge  (V of interval = 75.4m!) | Upland _(V of interval = 219m' )

interval| [Brd (Br] mass (kg) | (Bt {Br mass (kg) [ [Brd {Brd mass (kg)
{m) |(mg/1)] (ke/m*3) {mg/L) | (kg/m*3) (mg/L) | (kg/m"3)

001 | 0.73 | 0.00073 | 0.01F | 3.97 | 0.0060 0.43 0 ) 0
0.10.21 0.73 | 0.00073 0.014 5.97 0.0060 045 0 | V]
0.20.3] 2.58 0.0026 0.051 6.74 0.0067 Q.51 1.39 0.0014 0.30
0.30.4] 3.20 0.0032 0.063 4.62 0.0046 Q.35 1.39 0.001 4 Q.30
0.40.5| 7.47 0.0075 0.15 9.95 0.0100 0.75 1.39 0.0014 Q.30
0.50.6) 11.74 0.012 0.23 1L.19 0.011 0.84 0 Q Q
0.60.7] 11.74 0.012 0.23 11.19 0.011 0.84 0 0 0
0.70.8 0 0 0 0 Q 0 g g Q
0.80.9| 10.77 0.011 0.21 6.16 0.0062 0.46 0.44 Q.00044 0.097
0.9-1.0] 10.77 0.011 0.21 6.16 0.0062 0.46 0.44 0.00044 Q.097
1.0-1.1] 10.77 0.011 Q.21 6.16 0.0062 0.46 Q.44 0.00044 Q.097
1.1-1.2 0 0 0 0 0 0 0 0 0
1.2-1.3 0 0 0 0 0 0 d Q 0
1.3-1.4] 4.28 0.0043 0.084 14.2 0.014 1.07 0.52 0.00052 0.11
1.4-1.5{ 4.28 0.0043 0.084 14.2 0.014 1.07 0.52 Q.00052 0.11
1.5-1.6] 4.28 0.0043 0.084 14.2 0.014 1.07 Q.52 0.00052 Q.11
1.6-1.7 0 0 V] 0 0 0 0 g Q
1.7-1.8 0 0 Q 0 0 0 0 Q Q
1.8-1.91 4.17 0.0042 0.082 6.96 0.0070 0.52 0.66 0.00066 Q.15
1.9.2.0} 4.17 0.0042 0.082 6.96 0.0070 Q.52 Q.66 0.00066 Q.15
2.0:2.1) 4.17 0.0042 0.082 6.96 0.0070 0.52 0.66 0.00066 Q.15
2.12.2 0 0 0 0 0 0 0 0 0
2.22.3 0 0 Q 0 0 Q 0 Q Q
2.3-2.4 0 ") J Q Q 0 0 0 Q
2.42.5 0 0 Q V] 0 0 Q 0 Q
2.5:2.6 0 0 0 0 Q Q Q v} 0
2.62.7 0 0 Q 0 Q Q 0 ¢ Q
2.7-2.8 0 0 Q 0 Q Q V] ¢ 0
2.8.2.9] 0.43 0.00043 | 0.0084 V] 0 Q Q.56 0.00056 Q.12
2.93.01 Q.43 0.00043 { 0.0084 0 Q 0 Q.56 0.00056 0.12
3.0-3.11 0.43 0.00043 | 0.0034 0 o] 0 Q.56 0.00056 Q.12
3.1.3.2 0 0 Q 0] Q 0 Q 0 Y]

oneoml = 1Yl zone total = 10,37 onetoral = 135
soil roral > 14.63

pond > 22.04

toal > 36.67
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Table 3.2 Summary of groundwarer bromide mass balance with suspect concentrations removed, May 1999

depth | Centre  (Vofinterval = 19.6 m") | Edge (V of interval = 75.4 m)) | Upland  (V of interval = 219 m}
incerval] [Br {Brd mass (kg) | [Brl {Br mass (kg)| |Br] [Be:l mass (kg)

(m) |(mg/L) (k%m"” (mg/L) | (kg/m”"3) (mg/L) | (kg/m*3)
0.1 Og}_ 3 1 0014 6%}_ 0067 0.51 %ﬂ. JG
0

. . . ¢
0.14.2] 0.73 | 0.00073 0.014 | 6.74 0.0067 0.51 Q g
0.20.3] 2.58 0.0026 0.051 6.74 0.0067 Q.51 1.39 0.0014 d.3a
0.30.4] 3.20 0.0032 0.063 0 0 0 1.39 0.0014 0.30
0.40.5] 2.04 0.0020 0.040 0 0 Q 1.39 0.0014 0.30
0.50.6] 0.31 0.0003t | 0.0061 0 0 0 0 g g
0.60.7] Q.31 0.00031 } 0.0061 0 0 0 0 a v
0.70.8] O 0 0 0 ] 0 0 0 0

0.80.9] 0.70 { 0.00070 | 0.014 | 0.81 0.00081 0.061 0.44 | 0.00044 0.097

0.9-1.0}] 0.70 0.00070 0.014 0.81 0.00081 0.061 0.44 0.00044 0.097
1.0-t.1] 0.70 0.00070 0.014 0.81 0.00081 0.061 0.44 0.00044 0.097
1.1-1.2] © 0 ] 0 0 0 v Q Q
1.2-1.3 0 0 0 0 0 0 0 @ a
1.3-1.4] 0.68 0.00068 0.013 0 0 0 0.52 0.00052 Q.1
1.4-1.5} Q.68 0.00068 0.013 0 Q 0 0.52 0.00052 Q.11
1.5-1.6] Q.68 0.00068 0.013 0 0 0 0.52 0.00052 0.11
1.6-1.7 0 0 Q Q 0 0 a 0 Q
1.7-1.8 0 0 0 Q 0 0 Q 0 Qg
1.8-1.9] 0.38 0.00038 | Q.0075 0 0 0 0.66 0.00066 0.15
1.9-2.0] 0.38 0.00038 | 0.0075 0 0 0 Q.66 0.00066 Q.15
2.0.2.11 Q.38 0.00038 | 0.0075 0 Q Q Q.66 Q.00066 Q.15
2.1.2.2 0 Q 4] 0 0 Q a ¢ a
2.2.2.3 0 0 0 0 0 0 0 V] ¢
1.3.2.4 0 0 0 0 Q Q Q 0 d
2.4-2.5 0 Q 0 0 Q Q 0 0 Q
2.5-2.6 ¢ 0 0 0 0 4] 0 0 0
2.6-2.7 Q Q 0 Q 0 Q ¢ 0 0
2.7-2.8 0 0 0 Q 0 0 V] Q d
2.8-2.9| 0.43 0.00043 | 0.0084 0 Q Q Q.56 0.00056 Q.12
2.9-3.0] 0.43 0.00043 | 0.0084 0 0 0 0.36 0.00056 Q.12
31.0.3.1] Q.43 0.00043 | 0.0084 0 0 0 Q.56 0.00056 Q.12
3.1-3.2 Q 0 0 Q 0 0 0 [\ Q
zone ol = Q.30 onetoml = .71 onetoral = 1.3
soil toral > 4.38
pond > 22.04
waal > 26,42
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casings and the surrounding sediment caused by the slighdy larger diameter of the inserdon
cones described in chapter 2. Relatively high concentrations continued to be observed in these
particular piezometers throughout the summer (Figure 3.6¢).

Since there were such uncertainties as to how representative piezometer samples were
of the bromide content of sediments, soil samples were collected from beneath the wetland on
QOctober 8-10. Samples were collected, using a hand auger, from the top 1.5-2 m of sediment,
which at this time was above the water table. Figure 3.6d shows that from analysis of these
samples, most of the bromide was found to have been concentrated immediately beneath the
pond and the pond edges. Very linle bromide was found below 1 m depth beneath the pond
centre, and little to no bromide was detected in samples from underneath or outside the
willow ring. Also, some bromide was found to have penetrated to a depth of about 2 m below
the pond edges. A mass balance for the October soil dara, using equations 10 and 11 verified

that all 24 kg of bromide could be accounted for in the shallow sediments under the pond and

pond edges (Table 3.3).

3.1.3 Vegetation

Chemical analyses of vegetation samples revealed that measurable, and in some cases,
considerable weight percentage of bromide had been incorporated into plant tissues of pond
vegetation. In a sample from the pond cenrtre, 10.5 myg of bromide was detecred per gram of
dry sample. This translates into a concentration of over 3000 myg/L inside the living plant ata
water content of 70% by mass (determined from drying the sample). Karcher (1995}
demonstrates that such a weight percent of assimilated solute is common in such plants. Also,
bromide in pond vegetation only accounted for a total mass of about 0.6 kg, since pond plants

make up only a very small dry mass (Table 3.4). There is much higher quantity of plant
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Table 3.3 Summary of soil water bromide mass balance, October 1999,

depth | Centre (Vofineval = 19.6m?) | Edge  (V of incerval = 75.4m’) [Upland (V of interval = 219m?)
interval | [Br:] [Brd  [mass (kg)] {Brd {Br]  [mass (kg){ [Brd] (Brd  [mass {ky)
{m) |(mg/L)| (kg/m"3) (mp/U) | (kg/m"3) (mg/L) | (ke/m"3)
gl | 3901 VNEL] 1.16 19.14 .080 6.01 0 U v}
0.140.2 ] 47.11 0.047 0.93 45.25 0.045 341 Q.02 0.00002 | 0.0052
0.2:0.31 39.66 0.040 0.78 | 45.25 0.045 3.41 Q.34 0.00034 | 0.075
0.30.4| 24.29 Q.024 0.48 26.86 0.027 2.03 0.28 0.00028 | Q.061
0.440.5] 15.56 Q.016 0.31 3.54 0.0035 0.27 0.37 0.00037 | 0.080
0.50.6 12.38 0.012 0.24 3.54 0.0035 0.27 .07 .00007 | 0.016
0.60.7] 2.51 0.0029 0.057 3.74 0.0037 0.28 0.06 0.00006 | 0.014
0.74Q.8] 1.13 0.00t1 0.023 1.46 0.0015 .1t 0.06 0.00006 | 0.013
0.840.9 2.21 0.0022 0.043 1.14 0.0011 0.086 Q.05 Q.00005 | 0.012
0.9-1.0] 2.19 0.0022 0.043 | 1.33 0.0013 Q.100 0.04 0.00004 | 0.0086
1.0-1.1 ] 1.17 0.0012 Q.023 1.66 Q.0017 Q.13 Q.06 Q.00006 | Q.012
1.I.1.2| 2.12 0.0021 0.042 | 3.10 0.0031 0.23 0.06 | 0.00006 | Q.012
1.2-1.3] 2.54 0.0025 | 0.050 | 3.45 0.0034 Q.26 0.04 | 0.00004 | 0.0085
1.3.1.4] 1.92 0.0019 0.038 | 6.16 0.0062 0.46 0.01 0.00001 | Q.0029
1.4:1.51 Q.13 0.00013 | 00026} 7.75 0.0077 0.58 0.01 0.00001 | 0.0029
1.5-1.6 0.20 | 0.00020 | 0.0038 ) 14.03 Q.014 1.06 Q.01 0.000Q1 | 0.0029
1.6-1.7 0 0 Q 2.22 0.0022 Q.17 0.02 0.00002 | 0.0039
1.7-1.8 0 0 Q 2.15 0.0028 Q.21 Q.02 0.00002 | 0.0039
1.8-1.91 1.53 {0.0015 0.030 | 1.74 0.0017 Q.13 0.97 (.00097 0.21
1.9-2.0] 1.53 2.0015 Q0.030 | 1.85 0.0019 Q.14 Q.50 0.00050 Q.11
2.0-2.1 2.3 0.0023 Q.045 1.66 0.0017 Q.13 .50 0.00050 Q.11
2.1.2.2 0 v Q Q 0 Q Q.04 Q.00004 | Q.0084
2.2.2.3 0 0 Q 0 Q Q (.04 0.00004 | 0.0084
2.32.4 0 0 0 0 0 0 J 0 J
2.4-2.5 Q d 0 Q 0 a a 0 Q
2.52.6 Q 0 0 Q a 0 0 0 ]
2.6-2.7 0 Q Q 0 V] d ) 0 J
2.7-1.8 O 0 1] Q 0 Q Q ¢ 0
2.82.91 0.73 | 0.00073 | 0014 0 v 0 1.02 0.0010Q Q.22
2.9-3.01 0.73 | 0.00073 | 0.014 Q Q 0 1.02 ¢.0010 Q.22
3.0-3.1 ] 9.73 | 0.00073 | Q.014 Q Q ¢ 1.02 Q.0010 0.22
3.1.3.2 0 0 Q 0 Q Q Q ¢ ¢
zonetotal = 4.30 onetotal = 19.47 zonetotal = 1.4)
soil total > 25.28
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Table 3.4 Summary of vegetarion sample bromide analysis.

38

Locarian| Zone Vegerrion dry mass |warer added [Bed of mass of Br (my}[dry mass (g}] zone area | Br mass
sample ()] (mL)  Jexrracc (rnl/l.) per g sample | persg. m | (sq. m) (k

Pona | loente | seage, smarweed] LU0 30.700 10,93 10.39 2048, il R
North smarweed J.399 50,00 .61 0.08 461.34 680 0.025
South | cow parsnip, 0.999 30.00 42.00 210 265.76 680 0.390

sedye, smarweed
East smartweed 1.000 30.20 0.35 Q.02 154.64 680 0.304
West | cow parsnip, 1.010 50.00 1.87 .09 31949 680 0.021

sedye, smattweed
Upland | North grass 1.004 50.20 1.02 .05 96.86 400 Q.002
South wheat 1.000 50.10 0.00 0.00 367.35 2087 0.000
East wheat 1.004 50.00 3.65 Q.18 464.78 2087 J.176
West wheat 1.999 50.10 1.00 3.00 699.02 2087 Q.000
Trecs | Notth willow 1.035 30.00 0.00 J.00 57126.00 752 J.300
South | aspen, poplar, 1.003 50.00 1.57 0.08 168800 752 3217

willow

East | aspen, poplar 1.007 50.10 0.00 0.00 10394.0C 152 3.000
West | witlow, paplar 1.999 50.00 0.00 0.00 5234.00 752 0.000
Total > | 0.872




biomass in trees, however, bromide was undetected in 3 of the 4 samples from the willow
ring. Also, lirtle to no bromide was found in upland vegetation. In total, less than 1 kg of the

applied bromide was detected in vegeration.

3.2 Calendar Year 2000

3.2.1 Surface Water

A combination of very little winter snow cover and unusually warm temperarures in
early March resulted in the central pond of 5109 to be very small and shortdived in 2000. The
pond reached a maximum depth of about 37 ¢m in late March after a quick snowmelt, giving
it a volume of about 153 m' (cunoff equivalent = 6.4 mm). By early May, the pond had become
completely dry (Figure 3.1).

In late April, a survey of frost depth was conducted along transect A-B (Figure 2.1).
Depth was measured using a crude metal probe which could be inserted to a maximum depth
of 65 ¢cm into the soil. The ground in slough 109 was found to be frozen right to the surface
except for immediately beneath the pond (figure 3.8). This was probably the result of the
absence of insolating snow cover during the previous winter.

Even though the new pond water came from snowmelt, which is known to conrain no
significant amount of bromide, bromide did appear in measurable quandty in the pond again
in 2000. With licde rainfall during this period, the bromide concentration increased from
about 7 mg/L in March to 20 mg/L in late April. The bromide<hloride rado in the pond also
increased during this period, even after the pond level began to decline. Bromide mass

increased as well, even during a pond level drop in late March (Figure 3.9). This shows that
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bromide was physically entering the pond somehow. It could not have been in runoff or
precipitation since bromide levels continued to increase after snowmelr was complete, and the
amount of bromide in precipitation is negligible. As will be discussed later, this bramide
would have had to come from pond sediments, where bromide had accumulaced in the

previous year.

3.2.2 Groundwater

Similar patterns of lateral, divergent groundwater flow to those observed in spring and
summer 1999 were also occurring beneath S109 in 2000 (Figure 3.10). In April, the water
table was low, and steep hydraulic gradients existed between the pond and upland because
soils adjacent to the pond were still frozen (Figure 3.10a). In May, the water table beneath che
upland to the south of the pond was at about the same level as the pond, so a dow-through
condition might have existed for a brief period (Figure 3.10b). Since the pond was smaller in
open water area, and was dry by early May, the water table had declined 10 1.5-2.0 m below
surface and groundwater flow reversal toward the pond centre had occurred by late july (Figure
3.10d).

Again in 2000, water in piezometers from particular nests contained high
concentrations of bromide, while other, nearby ones did not. Despite this, most bromide was
still concentrated near the surface (Figure 3.11a,b,c). A final set of soil samples collected in
July 2000 showed bromide to be more concentrated and reaching deeper levels beneath the
pond edges, with very little detected beneath the pond centre, even near the surface (Figure
3.11d). Little to no bromide was detected in soil water extracts from ourside the willow ting,

and again, almost all of the original 24 kg of bromide was accounted for in mass balance

calculadons (Table 3.5).
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Table 3.5 Summary of soil water bromide mass balance, July 2000.

depth | Centre (V of interval = 19.6m’ )] Edge (V of interval = 75.4m1}] Upland (V of interval = 219m?!)
intrerval| [Brl [Br] {mass (kg){ [Br [Br  |mass (kg)| [Br [Brd mass (ky)
{m) (mggl) (kg/m#3) (my/L) | (kg/m”3) (my/L) | (kg/m"3)

Q0.1 1.21 0.0012 | 0.02% | 3293 0.033 2.48 .05 J.00005 | 0.012
0.10.2 | 0.96 | 0.00096 | 0.019 | 32.93 0.033 2.48 Q.07 | 0.00007 | 0.016
0.240.3 ) 0.96 | 0.00096 | Q0.019 | 32.93 0.033 2.48 0.09 | 0.00009 | Q.019
0.30.4 | 0.27 | 0.00027 | 0.0053 | 17.45 0.017 1.32 0.10 | 0.00010 | 0.022
0.40.5 1.57 0.0016 | 0.031 | 17.45( 0.017 1.32 0.14 3.00014 § 0.030
0.50.6 | 1.57 0.0016 | 0.031 | 17.45] 0.017 1.32 0.14 | 0.00014 | 0.031
0.6L.7] 1.37 0.0014 | 0.027 | 11.64 0.012 0.88 C.12 | 0.00012 | Q.026
0.70.8| 4.52 | 0.00052 } Q0.010 | I1.64 0.012 0.88 0.25 { 9.00025 | 0.055
0.80.91 3.47 0.0035 | 0.068 | 11.64| 0.012 0.88 0.25 | 0.00025 | 0.055
0.9-1.0| 3.28 0.0033 | 0.064 | 6.24 0.0062 0.47 0.42 0.00042 | 0.092
1.0-1.t | 3.2t 0.0032 | 0.063 | 6.24 0.0062 0.47 0.24 0.00024 | 0.052
1.1-1.2] 0.17 | 0.00017 | 0.0034 | 6.24 0.0062 0.47 0.24 0.00024 | 0.052
1.2.1.3] 0.23 | 0.00023 | 0.0044 | 6.18 0.0062 0.47 0.15 | 0.00015 | 0.032
1.3-1.41 6.12 0.0061 0.12 6.29 0.0063 0.47 0.20 0.00020 | 0.044
1.41.5] 6.12 0.0061 Q.12 6.29 0.0063 0.47 Q.20 0.00020 | 0.044
1.51.6} 6.12 0.0061 0.12 6.40 0.0064 0.48 0.22 0.00022 | 0.047
1.6-1.7 Q 0 0 0 0 Q Q.1 0.00011 | 0.023
1.7-1.8 Q 0 0 0 Q ) Q.16 0.00016 | Q.035
1.8-1.9 | 5.44 0.0054 Q.11 10.32 0.010 0.78 0.32 0.00032 | 0.070
1.9-2.0] 5.44 0.0054 Q.11 10.32 0.010 0.78 0.32 0.00032 | 9.070
2.0:2.1 ] 544 0.0054 0.11 10.32 0.010 Q.78 0.37 0.00037 | 0.082
2.1-2.2 0 0 0 Q 0 0 0.20 0.00020 | 0.043
2.2-2.3 Q0 ¢ a ) Q 0 Q.19 0.00019 | Q.043
2.3-2.4 Q0 0 Q 0 Q Q 0.30 0.0003d | 0.066
2.4-2.5 0 0 0 0 0 0 0.23 0.00023 | 0.051
1.5.2.6 0 Q 0 0 0 Q 0.23 0.00023 | 0.051
2.6-2.7 0 Q 0 Q 0 Q 0.23 0.00023 | 0.051
2,728 0 Q Q Q 0 0 0.23 0.00023 | 0.051
28291} 3.08 0.0031 0.060 0 0 0 1.05 0.0010 0.23
2.9-3.01 3.08 0.0031 0.060 0 0 0 1.05 0.0010 0.23
3.0-3.1 | 3.08 0.0031 0.060 0 0 0 1.46 0.0015 0.32
3.1-3.2 0 0 0 0 0 0 1 0.001 0.22

zonetotal = [.23 zone total = 19.67 zone total = 2.[6
soil toral > 23.16
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CHAPTER 4

DISCUSSION/IMPLICATIONS

4.1 Calendar Year 1999

In a nermal year in Saskatchewan, potental evaporation exceeds precipitation, and
therefore solute concentrations in ponds normally increase through the spring and summer, as
they did in slough 109 in 1993-1996 (Hayashi et al., 1998b). In 1999 however, due to high
levels of precipitation, the bromide concentration of S109 dropped as pond level dropped. As
described in the previous chapter, concentrations derived from daily mass balance calculations
closely fit the measured data when the marginal vegetation zone is assumed to have a width of
about 12.6 m, very close to the average width of the willow ring measured in the field.

When the same analysis is done for chloride using the same value of w, the data
follows a very similar trend, but calculated concentratons fall slighdy below measured values
(figure 4.1). One possible reason for this could be underestimation of chloride in runoff, Cy.
In the mass balance, C; is taken to be 0.04 myg/L, the same as the assumed concentration in
precipitation (Hayashi ec al., 1998b). Runoff samples collected from the upland in the spring
of 1999 have concentrations averaging 1.55 mg/L. Using Cy = C,, fitting the data to the
measured values by the least squares difference method, yields a width of 9.84 m. When C; is
set to 1.55 mg/L, the analysis results in a width of 11.3 m, much closer to the width of 12.6
m calculated using bromide levels. The remaining difference between the chloride and
bromide results could be because the amount of runoff was underestimated. Runoft was not
measured directly, so it was estimated from the difference between water level rise during a
rain event, and the measured quantity of precipitation. This, however, neglects the losses from

the pond due to infiltration and evaporation during each of these days. Such losses would also
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have to be made up by an equal amount of runoff to account for the water level rise observed.
An underestimation of runoff would fail to account for a small amount of chloride entering the
pond, thereby keeping the calculated concentrations slightly lower than measured values, and
effectively lowering the value of w determined from the analysis.

In other years, the same mass balance calculations to model pond chemical evelution
could be applied to detect anomalies caused by other processes. For instance, diffusion of
solute from sediments into the pond in spring would likely cause predicted pond
concentrations to be slightly less than the actual.

The close correlation of calculated w and the measured width of the marginal
vegetation zone supports the idea of shoreline-related water loss driven by marginal vegeration
discussed in early work by Meyboom (1966} and Millar (1971). As the size of the slough
decreased in summer, the f value, and therefore the relative importance of infileration
compared to open water evaporation became greater. The distribution of bromide in the soil
beneath the pond also supports this. With bromide restricted to mainly the top metre of
sediment beneath the pond centre, and further bromide accumulation and concentration at
the pond edges, it can therefore be inferred that after infiltration, bromide followed a shortest-
possible, shallow path to the slough margins. Hayashi et al. (1998a) also showed a reladive
increase of soil hydraulic conductivity with closer proximity to the surface. Due to the lack of
reliability of most of the new piezometers, however, it was impossible to show as clear a trend
for the top 3 m, but each individual piezometer type does appear to exhibir a roughly negative
correlation between intake depth and soil hydraulic conductivity (Figure 4.2).

With this, one would expect that pond and marginal vegetation would incorparate
some bromide into plant vascular systems. Very linle bromide mass, however was found tw
reside in the plant tissues. Flury and Paprirz (1993) say that bromide is very readily aken up

through the root systems of plants. Also, some pond vegetation extmacts were found to have
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very high concentratons of bromide. However, as shown in the previous chapter, pond
vegetation only makes up less than 500 g of dry mass per square metre, with bromide tracer
accounting for only a very miniscule portion of this dry mass. Meanwhile, trees in the willow
ring, although they make up a much larger portion of the dry mass of vegeration in the
carcchment, they yielded very low bromide concentrations and therefore very low masses of
bromide. This may be because the root systems of the large, mature trees in the willow ring
run too deep to intercept water directly from the pond and therefore any of the applied
bromide. Such was the case as found in a study of isctopes in streamside trees in Utah by
Dawson and Ehleringer (1991). By drawing down the water table beneath the willow nng,
however, the trees still largely control the flow of groundwater and the accumulgtion of solutes
in the adjacenc soils. Bromide levels were measurable in the willow ring sample from the
south end of the slough, however, this is probably due to the occurrence of a few very young
trees with less developed root systems in this partcular sample (The sample included 3 small

trees which were less than a merre in height).

4.2 Calendar Year 2000

The question remains as to the means by which bromide reappeared in the pond in
the second year of the experiment. It is unlikely that very much of it was simply sitting at the
ground surface, since rainfall, including a couple of heavy rain events in August and
September 1999 would have caused most of this bromide to seep beneath the surface. Also
there was not likely to have been any significant amount of groundwater inflow at any time in
March and April 2000, and except for immediarely below the open water area of the pond, the
ground was frozen right to the surface. It is therefore likely that most of the bromide was

incorporated into pond water by diffusive mixing with the sediments directly beneath the
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pond.

The increase in the amount of bromide in the pond from mid-March to late April
2000, indicates that diffusion may be the cause for this. Concentratons increased during this
period, but so did bromide<hloride ratio, and bromide mass, even after snowmelt had ended
and the pond level began dropping. This means that bromide had to have been physically
entering the pond, not just being picked up from the surface and concentrated as the pond
level dropped.

A mass balance was calculated to estimate a depth to which the diffusion was wking
effect. The pond chemistry was changing to match that of the soil to a depth o which it could
readily mix. (Figure 4.3) shows the distribution of bromide and chloride mass with soil depth
beneath the pond and pond edges. The bromide-chloride ratio in the pond was about 2.2 in
early April, when the pond was at its maximum size. Visual inspection of figure 4.3 shows that
this ratio is observed between the cumulative masses of bromide and chloride in the top U.4-
0.5 m of sediment. Assuming that the pond had achieved chemical equilibrium with the neat-
surface soil warter, and thar all bromide originated from the soil, a bromide<hloride ratio of

2.2 should be obtained from

Br~ _ mass of bromide in soil (15)

Cl- " “mass of chloride in runoff + mass of chloride in soil

for the depth to which the shallow mixing zone occurs. The masses of bromide and chloride
in soil are calculated from the product of average pore water concentrations determined from
October 1999 soil samples, and the estdmared initial pore water volume (assuming volumetric
water content of 0.4). Both of these quantities are functions of depth in the soil profile. Since
runoff was not directly sampled in 2000, the mass of chloride in runoff was taken as the
product of total runoff volume (the sum of estimated volume of runoff infiltrated into soil,

V nsmaree, a0d volume of water in the pond, V. ) and the chloride concentration of runoff
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estimated from analyses of samples from small, temporary meltwater ponds on the upland

(C..e = 3-08 mg/L). Therefore, Eq. (15) can be rewritten as:

- C \'
Br = Br-soil ¥ soud a 6)

cr- (\/inﬁlmmd M vpond) CCI-mnoff + CCI-milV:oA!

Figure 4.4 is a plot of the different bromidechloride ratios calculated for different estimates of
infilrrated runoff (V, gp..s) 2nd different depths in the soil. The figure shows that diffusive
mixing was actually taking place between the pond and the soil to a depth of between 0.4 and
0.5 m. This would help in explaining the bromide accumulation at shallow depth as shown in
the previous chapter. Also, this depth corresponds to the soil's A-horizon which consists of
organic-rich, peaty soil, which would have a much higher permeability than the underlying,
more clayey B-horizon (Darryl Cerkowniak, Unpublished data, Figure 4.3). Some Guelph
permeameter measurements from depths of 2040 cm in and around slough 109 show that
hydraulic conductivities in the A-horizon are very high, with values of close to 10* m/s (Bret
Parlee, unpublished data). [ron-oxide staining observed in soil samples from the transition
between the A and B horizons also provides evidence of leaching and focussed groundwater
flow at these levels. It is along this shallow, high-conductivity horizon that bromide-spiked

water would have followed a lateral path toward the pond edges.

4.3 Conceptual Model

In 1993-1996, Hayashi et al. (1998) observed a cycling of chloride between slough 109

and the surrounding upland, as well as accumulation of chloride in soil beneath the upland.
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Figure 4.4 Soil bromide<hloride ratios calculated for different amounts of runoff and different
depths. Horizontal line represents the ratio in the pond at peak water level, April 2000.
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A-horizon - granular soil with decaying organic marerial

B-harizon - dark brown, organicerich, clayey all
m C-horizon - grey/biege clayey till with sand lenses, pebbles, and minor gypsum

Figure 4.5 Identified soil horizons underlying slough 109. Dashed line brackets a “gleyed
zone that exhibits evidence of leaching.
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During the current study, the applied bromide tracer was seen to accumulate in shallow pond
sediments and concentrate at slough margins, with litle to no bromide found underneath the
willow ting or the upland. Analyses of soil and piezometer samples suggest thar upon
infilcradon, the bromidespiked pond water mostly took a shallow path through the top 0.5 m
of sediment toward the pond edges. This flow appears to be mainly driven by marginal pond
vegetation and a willow ring surrounding the wedand. The pond vegetation readily takes up
bromide through its roots and concentrates it in this shallow soil zone beneath the pond and
pond edges (Figure 4.6a). The root systems of trees in the willow ring likely reach too deep to
directly take up pond water, however, they do form a water mble trough beneath the trees,
preventing flow and solute transport from the shallow soil zone beneath the slough to the
upland. They also maintain the divergent flow pattern observed beneath the slough in spring
and summer.

In the second year of the experiment, some of the bromide concentrated in soils was
observed to diffuse back into the new, dilute meltwater in the pond. This bromide made it
back into the sediment upon infiltration, and again accumulated at the pond edges due to
evapotranspiration (Figure 4.6b). Deep, persistent frost in spring, and root uptake by willows
in summer kept water tables sufficiently low to prevent bromide from migrating to the upland.
If such conditions continue to exist in subsequent years, it seems likely that most of the
applied bromide will remain concentrated in shallow pond sediments. Higher pond levels and
water tables such as those observed in 1993-1996 (Hayashi et al., 1998) may allow some
bromide to migrate toward the upland in spring when trees are not yet actively transpiring
(Figure 4.6¢).

As shown in Chapter 3, some bromide was found to have concentrated at depths of
1.5-2.0 m in isolared "packers” beneath the pond edges in 1999 and 2000. These

concentrations are likely the result of bromide that followed preferential pathways through the
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Figure 4.6 Inferred solute pathways. (a) Lateral flow along shallow levels in soil
toward pond edges. (b) Diffusive mixing of solute in soil with dilute pond water
in spring. (c) Possible transport of bromide to the upland during periods of high
water tables in spring.

57




B-horizon. This bromide occurs at the approximate depth of the transidon berween the B and
C horizons where the till appears to have a slightly higher gravel and sand content, and

contains some evidence of minor leaching.
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CHAPTERSS

CONCLUSIONS

5.1 Summary

In 1999, the bromide concentration in pond water in slough 109 decreased as water
level decreased due to high levels of precipitation in June and July. A mathematical
relationship was developed to predict the ratio of infiltration o total water loss (f), from the
pond perimeter to area ratio. This relationship can possibly be used to predict pond chemical
evolution in other years, and detect anomalies caused by such things as diffusion from
underlying soil.

The reappearance of significant quantity of bromide in the pond in the spring of 2000
was evidence that bromide from soil was mixing into the fresh snowmelt water in the pond.
The increase of bromide mass in the pond, even after the pond level began to decline,
confirms this. Mass balance calculations show that bromide was being transterred to the pond
from a 0.5 m-deep mixing zone, which appears to correspond to the A-horizon of undetlying
soil.

Snowmelt runoff collected in the pond in spring and created a water table mound.
Marginal vegetation and root uptake of trees in a surrounding willow ting drove groundwater
flow that diverged outward from the pond centre. Root uptake by trees created a "water table
trough” beneath the willow ring. Eventual dry-up of the pond, and dissipation of the water
table mound resulted in a reversal of groundwater flow toward the pond centre in September
1999 and July 2000.

Bromide applied to the pond in spring 1999 was found to accumulate at shallow levels

in the soil beneath the pond and pond edges. After 2 years, most of the bromide had become




concentrated beneath the pond edges by evapotranspiration at the pond margins. The scarcity
of bromide at levels deeper than 0.5-1 m beneath the middle of the pond suggests that upon
infiltration, the solute migrated toward the slough margins along a shallow path. The major
pathway was likely located in the high-permeability A-horizon in the top 0.5 m of sediment.

Although groundwater flow and solute movement and accumulation was largely
conrrolled by vegerarion, only about 900 g of bromide was estimated to have been taken up by
vegetation in the catchment in 1999. Almost all of this bromide was found to reside in pond
vegeration.

Frost and evapotranspiration caused low water tables below the willow ring that
prevented bromide from migrating to the upland. In both years, almost all 24 kg of bromide
introduced to the system could be accounted for in soil water and vegetation from the pond

and pond edges.

5.2 Future Work

Results presented here lead to more questions and demiled study of chemical evolution
and solute distribudon in $109 and other sloughs. Low water levels and quick dry-up of the
pond in 2000 did not allow rigorous study of diffusion processes that were observed. Seepage
meters placed on the pond bottom could be used to directly measure diffusion rates. Also,
more rigorous sampling and measurement of runoff would improve water and solute mass
balances.

Steble isotopes could be used to model chemical evolution of the pond and results
could be compared to those obtained using the solute tracers. Nonconservative tracers could

be used and their movement and distributdon in groundwater could be compared to that of
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bromide and chloride. Introduction of a dye tracer and excavation of the pond botrom could
eventually be conducted to confirm the inferred groundwater flow and chemical transport
pathways. Continued groundwater and surface water sampling in and around wetdand S109

may eventually reveal the long-term fate of the bromide tracer introduced in this experiment.
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APPENDIX A

Specifications of Piezometers and Wells

Table Al contains piezometer dimensions, top of casing elevations, and response data

for all 98-, 94-, 93-, and 80- series piezometers from which measurements were taken. All

measurements are in metres unless otherwise indicated.
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Table Al Piezomerter Specifications
nest # ID Mean |Casing] Casing | Casing | Bore hole [Screen | Sand Pack | TOC Ksar |Time Lag
{fig. 2.1) Depth | Lengch | Srickatp | Diamerer| Diameter | Length | Length | elevadon | (m/s} th.}
3 9801A | 3.04 4 1.03 0.0127 | Q.0635 0.19% 552.873 | 3.3EQ6| 002
98018 { 2.128 | 3.048 | Q.97 |[0.00924| Q.0137 0.1 §52.34 | 2.6E08 3.0
98C01C | 1.514 | 2.438 | 0974 |0.00924| 0.0137 0.l 552.845 | 74EQ9 ] 108
9801D | 0.894 § 1.829 | 0.985 |0.00924| 0.0137 0.1 552.87 |4.8E-11] 1660
9801e Q.6 1.6 0.92 | 0.G0636 1 0.00792 | 0.05 552.7173
9801f | 0.4 1.4 0.92 | 0.00636 | 0.00792 | 0.05 552774 | 3O0EQ9 | <24
9801y | 0.2 1.2 0.9 [0.00636 | 0.00792 | d.05 $52.769 | 5.9E-13 | <120
7 9802A | 292 4 0977 | 0.0127 | 0.06835 Q.25 552.804 | 8.ZE08 26
§802C | 1.499 | 2.438 | 0.989 |0.00924 | 0.0137 ol 552.775 {2.0EQ9| 403
9802D | 0.967 | 1.829 | 0.912 |0.00924 | 0.0137 Q.1 552.71 |4.1E<Q8 bl
9802¢ Q.6 1.6 0.823 }0.00636 0.00792 | 0.05 552.662 | 1.7BQ6 | 0.04
9802f 0.4 1.4 0.824 }0.00636) 0.00792 | 0.05 552.666 | 3.0EQ9 <14
9802y Q.2 1.2 0.824 10.00636] 0.00792 | 0.05 552.666 | 3.0EQ9 <24
3 9803A | 2.92 4 0.96 | 0.0127 0.102 Q.18 553442 [L.IEQT| @3
98038 | 1.928 | 3.048 | 1.17 [0.00924| 0.0137 0.1 553.575 | 1.LEQ9| 753
9803C | 1.438 | 2.438 | 1.05 |[0.00924| 0.0137 a.l 553.38 |8.6ECQ8| 09
9803D [ 0.799 | 1.829 | 1.08 |0.00952} 0.0137 Q.1 §53.395 [ 1.6EQ7| Q.5
9803 | Q.6 1.6 0.9 0.00636 | 0.00792 | Q.05 553.332
9803fF | 0.4 1.4 0.908 |0.00636 ] 0.00792 | 0.05 553.336
9803y 0.2 1.2 0.908 ] 0.00636 | 0.00792 | 0.05 553.342
9 9804A | 295 4 1.263 | 0.0127 | 0.0635 Q.65 553.44 | 29EQ7} Q.09
98048 | 2.078 | 3.048 1.02 [ 0.00924} 0.0137 g1 553.11 |6.8E-1Q 3%
98Q4C { 1.468 | 2.438 1.02 10.00924| 0.0137 a1l 553.21 | 2.2EQ8 3.5
9804D | 0.883 | 1.829 | 0.996 }0.00924 | 0Q.0137 a.l 553.18
9804 a.6 1.6 0.902 [ 0.00636 | 0.00792 { 3.05 553.103
9804¢ Q.4 1.4 0.902 |0.00636 | 0.00792 | Q.05 553.105 [ 5.9E.10| <120
9804 Q.2 1.2 0.904 [J.C0636 | 0.00792 | 3.05 553.108
|83 9805A | 1.95 4 0.83 0.0127 Q.102 Q.21 553.725 [ 6.3E09 6
9805B | 2.08 | 3.048 | 1.018 |} 0.00924| 0.0137 a.l 553.96
9805C | 1.423 ] 2.438 | 1.065 |0.00924| 0.0137 a.t 554.09
9805D ) 1.016 ) 1.829 ] 0.863 | 0.00924 ) 0.0137 0.1 553.82
1 9806A 3 4 0.867 | 9.0127 | 0.102 0.25 554.091 [ 8.2EQ8| Q.4
9806B | 2.087 | 3.048 | 1.011 |[0Q.00924| 0.0137 'R 554.3
9806C | 1.471 | 2.438 | 1.017 |0.00924| 0.0137 a.l 554.24
9806D | 0.89 ] 1.829 ] 0.989 |0.00924| 0.0137 0.1 554.29
2 9807B | 2.12 | 3.048 | 0.978 |0.00924| 0.0137 .1 553.88 |6.6E-10| <120
9807C | 1.455 | 2.438 | 1.033 |0.00924| 0.0137 0.1 553.93 |6.6E-1Q| <120
9807D | 0.843 | 1.829 | 1.036 |0.00924{ 0.0137 J.1 553915
4 9808B | 2.193 { 3.048 | 0.905 |0.00924 | 0.0137 0.1 552.83 | 24EQ9 3.7
98Q8C | 1.53 | 2.438 | 0.958 |0Q.00924| 0Q.0137 a1 552.925| 2.BE-1t | 12B17
9808D | 0.906 | 1.829 | 0.973 | 0.00924| 0.0137 ot 55291 | 2.1EQ9 38.1
9808e | 0.6 1.6 0.899 |0.00636 § 0.00792 | 0.05 552.865 § 2.4E07) 4.}
9808f 0.4 1.4 0.902 |0.00636 | 0.00792 | 0.05 552.869 { 59E-10| <120
9808y | 0.2 1.2 0.9 |0.00636] 0.00792 | 0.05 552.865 ] 3.1E05] 0.002
12 9809B | 2.071 | 3.048 | 1.027 |92.00924| Q0137 Q.1 553.08 | 3.6EQ8 2
9809C | 1.474 | 2.438 | 1.014 |0.00924 | 0.0137 a1 553.085 [ 1.7EQ09| 46.1
98Q9D | 0.892 | 1.829 | 0.987 |0.00924| 0.0137 0.1 553.055
9809 | 0.6 1.6 0.9 }0.00636| 0.00792 | 0.05 352969 | 59E-i0{ <120
9809f | 0.4 1.4 0.908 }0.00636{ 0.00792 { Q.05 552.974 | 3.QEQ9 | <24
9809z | 0.2 1.2 0.889 |0.00636 | 0.00792 | 0.05 552.964 1 3.0EQ09 | <24
[} 9810B | 2.153 | 3.048 | 0.945 | 0.00924| 0.0137 Q.1 552.725 | 5.7E08 1.4
9810C | 1.475 | 2.438 | 1.013 |0.00924| 0.0137 0.1 552.717 | 5.CEQ9| 159
9810D | 0.889 | 1.829 | 0.99 [0.00924| 0.0137 a1l 552.725 | 1.5EQ08 | 5.5
981Qe | Q6 1.6 2.903 109.00636 | 0.00792 | 0.05 §52.656 | 1.2E08| &.0
9810f 3.4 1.4 0.903 10.00636 | 0.00792 | Q.05 552.655 | 3.0EQ9 <4
9810 0.2 1.2 0.89 | 0.00636 | 0.00792 | 0.05 552.644 | 5.4EQ8 t.3
8 981LB | 2.132 | 3.048 | 0.966 | 0.00924| Q.0137 a1 352.86 {4.5E08 i.8
981LC | 1.488 | 2.438 1 0.00924 | 0.0137 Q.1 552.88 |1.2EQ8 7
9811D | 0915 | 1.829 | J.964 |0.00924 | 0.0137 ol 552.875
9811e 0.6 1.6 Q.813 |0.00636 | 0.00792 | 0.05 §52.718 [ 8.9EX8 Q.8
9811f 0.4 1.4 Q0.814 | 0.00636| 0.00792 | 0.05 552.117
981iy | 0.2 1.2 Q.813 }0.00636 | 0.00792 | 2.05 552.722 | 2.5E08| 29
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Table Al Continued
nest # [§s) Mean |Casing| Casing | Casing | Bore hole [Screen | Sand Pack | TOC Ksac |Time Lag
(fig. 2.1) Depth | Lengrh | Stckup | Diamerer| Diameter | Lenyth | Lenyth | elevation | (m/s) (h.)
10 98128 | 2.093 | 3.048 | 1.005 |0.00924] 3.0137 g.1 553.68 [9.5E-10| 83.9
9812C | 1.531 | 2.438 | 0.957 |0.00924| 0.0137 Q.1 553.62
9812D | 0.882 | 1.829 | 0997 |0.00924 | 0.0137 0.1 553.66 | 6.6E-11 | <1200
801P1* 5 1.29 1.67 0.032 Q.15 0.46 .17 553.485 | 1.6EQ06 | Q.05
801P2* | 3.1 5.2 1.85 0.032 Q.15 0.4 0.96 553.38 | 1.4E08| 6.0
80IP3* | 2.4 | 431 1.59 0.032 Q.15 0.38 0.69 553.475 | 1.8EQ7| Q.57
801P4° | 1.7 3.42 1.33 0.032 Q.15 0.43 0.73 553.37 | 1.8EQ7} Q.35
802P1* | 6.7 8.67 1.06 0.032 0.15 0.4 1.86 553.3 [2.7EQ9 36
802P1* | 5.5 | 695 1.09 0.032 Q.15 0.4 0.77 533.345 { 8.0E.11 | 1200
BO2P3* | 3.3 | 473 103 Q.032 Q.15 0.45 0.9t 553.29 [ L.6EQT7| Q.54
802P4* | 1.4 2.89 i.08 2.032 0.15 0.35 0.73 553.295 | 9.0EQ7| Q.tl
803Pt* | 7.6 9.45 1.08 0.032 0.l5 a4 1.62 554.035 | 2.0EQ9 30
803P2* | 5.2 | 6.61 1.07 0.032 315 0.4 0.7 553.981 | 1.3E-10| 78C
803IP3* | 3.6 5.01 1.04 0.032 a.15 0.4 0.84 554.05 | 3.5E07| Q.26
803P4~ 1.4 2.88 1.03 0.032 3.15 3.4 J.85 553.974
80W1* [ womw | 4.08 1.1 0.032 Q.15 553.57
80W2* | wemw | 4.61 1.46 0.032 Q.15 553.285
9IWL* | wemw | 2.98 1.85 Q0.032 .06 553.785
IUP2" | 11 1277 | 1.09 0.013 Q.15 0.6 1.4 553.437 | 1.2E09] 8.6
IUPIA®| 1.9 3.36 1.09 0.0t3 Q.15 Q.1 Q0.7 553913 [ LL2EQ6] QN1
93UP3IB*| 6.8 | 8.38 1.09 0.013 Q.15 Q.2 1.05 553913 [ 7.0E.IL| 176
93UPICT 10.3 | 1194 | 1.09 3.013 Q.15 0.25 1.05 553.913 | 3.5E-10 35
93UP4* | 4.9 6.92 L.46 3.013 .15 9.7 1.2 554.293 | 3.8E49 53
93UPEA*| 1.3 38 L.01 Q013 Q.15 22 i 555.402
93UP6B*} 4.7 6.24 t.01 0.0t3 .15 9.2 1.05 §55.402 | 1.0E-10 31
93UP6C" 8.2 | 9.66 £.01 3.013 .15 0.25 3.9 555.402 | +.5E.10 30
94WT* | wemw 0.8 3.041 2.05 554.745
94UP8" 2 3.05 0.65 0.027 3.05 Q3 0.9 553.552
94UP9* | 1.9 ils Q.75 0.027 0.1 Q.3 1 553.612 | 2.8E<06
94UPIO"| 4 5.45 0.85 0.021 Q.1 0.3 1.3 555.23 | 1.0E<Q9
94SWLLY sw 3 1.2 0.041 0.06 552.985

* Specificanons from Hayashi (1996)
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APPENDIX B

Water Levels in Piezomerters and Wells

Table Bl shows water level elevations measured in piezometers and the central pond

of slough 109. All measurements are given in metres above a datum plane located at 500 m

above mean sea level.
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Table Bl Water levels in piezometers and wells
piezametar 1D
dare 9801A 9801B 98QI1C 980LD 98Qle 9801f 9801g | 9802A 9802C 9802D 9802e
03/22/99 | 49.81 49.86 49.94 50.83
03/31/99 51.24 SL.l4  5L.47 50.84 50.62
04/15/99 52.14 5215 5212 5215 51.70 51.50 51.58
04/19/99
04/21/99
04/22/99 | 52.10 52.10 52.06
04/23/99
04/28/99
05/09/99
05/12/99 | 52.07 5208 5207 5209 5207 5207 51.63
05/18/99 51.56 52.07 52.07 52.07 | 51.62 51.97
07/09/99 | 5191 51.91 51.71 52.04 52.01 | 51.92 51.66 31.87
07/14/99 | 51.90 51.91 51.90 51.90 51.91
07/26/99 51.89 51.90 51.90 5194 51.04 52.01 | 52.01 5190 5t.91 51.90
07/28/99
08/17/99 5t.64 S51.64 S1.63 35145 51.90 51.94
08/18/99 51.62 51.73
08/19/99 51.54
09/08/99 | 50.70 50.48 50.74
09/09/99 50.66 50.67
04/19/2000 | 31.86 51.94 51.91 | 51.92
04/20/1000 51.88 51.89 51.94 51.95 51.94 51.62 5191 5193
04/21/2000 51.86 51.838 51.89 51.74
05/15/2000 | 51.41 5142 5140 5151 5141 51.59 51.50  51.53  51.48 51.54
06/20/2000 | 51.40 51.38 5140 5121 5148 51.38  51.32 5136 51.37
07/25/2000] 50.73 50.82 30.82 50.89  50.89
piezometer [D
date 9802f 9802y | 9803A 9803B 9803C 9803D 9803e 9803f | 9804A 9804B 9804C
03/22/99 49.68 49.89 50.92
03/31/99 50.69 50.58 50.44
04/15/99 | 51.26 52.11 | 51.77 51.27 51.83 5191 51.83 51.68 S51.21 5115
04/19/99 51.82 5144 51.88
04/21/99 51.84
04/22/99
04/23/99 51.99
04/28/99
05/09/99
05/12/99 5202 51.87 5204 5203 52.06 | 52.10 52.06 51.97
05/18/99 52.08 52.97 | 51.66 51.84 52.00 51.53
07/09/99 51.93 51.67 31.90
07/14/99 51.91 | 551.86 51.86 51.84 51.76 51.88
07/26/99 | 51.90 51.80
07/28/99 51.73 5210 51.73 51.80 51.75 51,79 51.84
08/17/99 51.57
08/18/99 51.16 51.36 51.17  51.29
08/19/99 51.56
09/08/99 50.70  50.82 50.67 30.79 30.88
09/09/99
04/19/2000 50.50 51.51
04/20/2000 | 51.93 51.93 5111 51.16
04/21/2000 51.18  31.20
05/15/2000 | 51.55 51.12  51.00 51.22 51.49 31.54 51.30
06/20/2000 51.19 5114 51.16 51.24 51.66 51.18
07/25/2000 50.90  50.96 50.88 50.93 50.96
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Table Bl Continued
piezometer ID
date 9804D 9804e 9804f 9804¢ | 9805A 9805B 9805C | 9806A 9806B 9806C | 9807B
03/22/99 51.84
03/31/99 50.52
04/15/99 51.18 51.20 50.65
04/19/99
04/21/99 50.91
04/21/99
04/23/99
04/28/99
05/09/99
05/12/99 | 52.10 51.82 51.92 51.87 5195 | 31.69 51.67 51.85
05/18/99 | 51.88 352.09 5210 3210 51.87
07/09/99 | 51.86 51.89 51.96 51.98 51.98
Q07/14/99 | 51.84 51.86 52.11 51.96
07/26/99
07/28/99 | 51.74 51.64 51.84
08/17/99 51.07 51.09 51.26 32.15
08/18/99 | 51.50
08/19/99 51.74
09/08/99 50.43 50.70
09/09/99
04/19/2000 50.55
04/20/2000
04/21/2000
05/15/2000 ] 51.50 51.40 51.39 51.13  51.20
06/20/2000 51.26 51.24 51.19 5122
07/25/2000 50.86 51.02
piezometer [D
date 9807C 198088 9808C 9808D 9808e 9808f 9808y [ 9809B 9809C 9809D 9809«
03/22/99 50.09
03/31/99 51.0t 50.99 50.33 50.72
04/15/99 52.09 5215 52.08 51.55 51.7% | 51.60 52.07 51.38 51.43
04/19/99
04/21/99 52.12 5220 512
04/22/99
04/23/99 52.04
04/28/99 552.13
05/09/99 52.05
05/12/99 | 51.81 | 51.52 51.63 51.90 51.91 5210 | 52.09 52.09 51.68 51.44
05/18/99 { 51.83 | 51.533 51.92 5202 32.16 | 51.55 51.38 52.10
07/09/99 | 51.93 51.33
07/14/99 | 51.92 | 5191
07/26/99
07/28/99 | 52.21 | 51.82 51.54 51.82 51.85 3t.80 51.52 51.81
08/17/99 51.52 51.63 5142 5133 51.50
08/18/99 51.51 51.12
08/19/99 51.14 51.41
09/08/99 50.73 50.77 50.70 50.69
09/09/99
04/19/2000 | 52.87
04/20/2000 5104 5112 351.19 51.93 | 50.82 5i.09
04/21/2000 50.89
05/15/2000 51.34 51.32 51.34 51.35 51.44 5t.43 51.28
06/20/2000 5i.26 31.23 51.25 51.17 3L.18 51.25
07/25/2000 50.83 50.87 50.84  50.77
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Table Bl

date

Contnued

9809f 9809y

9810B

9810C

piezometer [D

9810D 9810e

9810f 9810y

98L1B

9811C 9811D

03/21/99
03/31/99
04/15/99
04/19/99
04/21/99
04/22/99
04/23/99
04/28/99
05/09/99
05/12/99
05/18/99
07/09/99
07/14/99
07/26/99
07/28/99
08/11/99
08/18/99
08/19/99
09/08/99
09/09/99
04/19/2000
04,20/2000
04/21/2000
05/15/2000
06/20/2000
07/25/2000

51.84

51.69
52.09

51.88
52.13

51.82 5i.82

30.02
50.05
50.73

51.43

51.39
51.60

51.34

50.63

50.84
50.88
51.11
51.02
50.86

30.34
50.58
51.93

51.92

51.47
51.41
50.89

50.87
51.07
52.13

52.15

52.09 352.01

51.97

51.91
51.97

51.54

51.94
51.35
51.35
51.57
51.21
50.92

v )

——
3 n
— O

52.14 5215
51.99
52.05 5213

51.63

51.93

49.88
50.39
51.90

52.12

51.52
51.91
51.89
51.88

51.94
51.50
51.35
50.89

51.0

51.84 51.69

51.20
51.26
51.89

51.98
51.04

51.73
51.51
51.35
50.89

51.76
51.6Q
51.26

date

98ile 9811f

9811y

98128

piezometer [D

9812C 9812D

03722799
03/31/99
04/15/99
04/19/99
04/21/99
04/22/99
04/23/99
04/28/99
05/09/99
05/12/99
05/18/99
07/09/99
07/14/99
07/26/99
07/28/99
08/11/99
08/18/99
08/19/99
09/08/99
09/09/99
04/19/2000
04/20/2000
04/21,/2000
05/15/2000
06/20/2000
07/25/2000

51.45

51.94

51.70
51.89
51.91
51.90

51.92

51.57
51.51

51.90 51.90
51.49 51.46

51.62

52.14

51.86
51.93
51.92
51.90

51.90

50.84

51.82

51.52
51.35

50.72

50.68

51.44
51.12
50.93

51.81

51.35

52.09
51.83
51.80

5210
51.96
51.83

51.62
51.30




Table BL Contnued
piezometer [D

dave 80iP1 801P2 801P3 8QiP4|802PL 802P2 802P3 B802P4 | 803P1 803P2 BO3P3 803P4|30W1
03/15/99 1 49.88 49.69 49.76 49.81 45.36 4991
03/26/99
03/31/99
04/05/99
04/08/99
04/15/99

04/21/99

04/23/99

04/28/99
05/09/99
05/12/99 | 52.05
05/13/99
05/18/99 | 52.05 52.06 52.02
05/26/99

05/17/99 | 52.04 52.05 52.03 51.95 51.35 50.49 51.98
06/09/99 |} 51.97 51.85 51.92 51.88 ] 50.45 51.91
06/10/99 51.99 51.98

06/15/99
06/17/99 | 51.93 51.77 51.52 51.73 51.72] 50.46 51.85 51.85]51.72
06/23/99
06/24/99
07/06/99

07/07/99

07/09/99 | 51.91 51.86 51.90 51.82]50.53 51.96 32.00| 51.84
J7/13/99

07/14/99 | 51.90 51.83

07/12/99

47/26/99 | 51.88 51.91
37/18/59 51.76 §1.70 51.73 51.66{ 50.52 S51.67 51.8C 51.81 ) 51.80
37/19/99
08/09/99
8/11/99 49.93
08/18/99 | 51.59 51.64 51.37 51.30
09/08/99 | 50.71 50.76 50.77 50.65 | 49.76

10/05/99 | 30.49 50.45 30.57

10/09/99 | 50.49

10/10/99 | 50.44 50.45 50.43 50.49|'50.42 50.80 50.47 49.44 50.53 350.43 50.51
01/21/2000] 50.07 50.05 50.10 50.21
02/07/2000| 50.04 49.98 50.09 50.07 50.18
03/04/2000] 49.89 49.94 49.85 Dry | 49.78 4994 49.90 49.01 49.96 49.95 53.00
03/20/2000| 50.24
03/24/2000] 50.24 50.32 5017 50.291 49.75 49.83 49.88 48.97 49.88 50.01 50.06
03/22/2000| 51.66 51.54 51.79 | 49.86 49.83 49.93 48.99 49.88 50.05 50.17
0372972000 51.76 SL.77 G51.46 51.80| 49.86 4981 4998 49.00 49.87 s0.11 53.25
03/31/20007 51.82 51.83 51.58 51.85} 49.93 49.81 30.04 49.02 49.88 5Q.i5 50.34
04/03/2000( 51.88 51.90 51.71 51.89{ 50.05 49.82 50.18 49.08 4992 50.17 50.50
04/05/2000| 51.88 51.90 S51.71 S51.91] 50.15 49.84 50.26 49.14 4994 350.37 50.73
04/07/2000] 51.92 51.95 | 50.23 49.84 30.34 49.17 49.96 50.49 50.66
04/10/2000| 51.92 51.96 | 50.36 49.87 50.48 49.26 350.01 350.62 50.76
04/13/2000| 51.92 51.94 51.89 51.94( 5048 49.89 50.59 49.35 50.07 50.70 50.84
04/14/2000] 51.92 51.94| 50.51 49.90 50.62 49.38 50.09 50.73 30.88
04/18/2000F 51.91 51.94 3191 51.94| 50.64 49.96 50.75 49.49 50.18 350.84 50.98
04/19/2000] 51.93 S1.93 S51.91 51.93| 50.66 49.97 50.77 50.85] 49.52 50.20 350.87 50.99
04/20/2000
04/28/20C0] 51.85 51.85| 50.98 50.11 51.07 49.73 50.43 5L.23 S51.09 ¢ 51.31
05/05/72000] 51.76 51.76 S51.76 51.75) 5L.14 50.25 51.24 51.36 | 4990 50.61 51.46 51.40]| 51.40
05/12/2000] 51.56 51.58 S51.58 51.55( 51.18 50.38 51.27 51.34| 50.00 50.76 51.53 S51.51} 5140
05/1572000) 51.48 51.51 S51.50 51.47) 51.19 50.42 51.29 51.35]50.03 50.83 51.55 51.54 5139
05/17/20001 51.44 51.42 50.04 50.86 51.54 51.51
0572472000 51.37 5142 S51.42 51.37] 51.23 50.57 51.28 51.29|50.07 30.96 S51.51 51.50| 51.34
05/31/2000] 51.18 51.22 51.23 S5L.17| 51.16 50.65 51.20 51.19( 50.03 S51.01 51.44 51.45]51.23
06/20/2000] 51.38 51.37 51.38 51.38| 51.14 50.81 51.23 S51.19| 49.99 51.02 51.38 51.45|5L.19
07/24/2000] 50.89 5090 50.81 50.92] 50.88 50.87 50.94 50.81| 5096 51.21 5L.25 51.02
10/26/2000 49.49 49.54 49.34 49.393




Table Bl Condnued
piezomerer [D

date 80W2|93UP2 93UP3A 93UP3B 93UPIC 93UP4 F3UPEB 9IUPEC| 94 W7 [94UPS 94UP9 94UPLI| 5109

Y 308 $9.32 31.06  49.6L 4916 4194 | 4984 30.02
03/26/9% 51.73
03/31/9% 51.04
04/05/99 52.0%
04/08/99 51.12
04/15/59 5216
04/21/99 5215
04/23/99 5L13
04/18/59 5.13
05/09/59 §2.97
a5/12/99 51.59 52.08
05/13/99 51.04
05/18/99 |s52.06 51.70

05/26/99 51.06
05/27/99 | 52.05 51.88 51.70 | 51.79 50.85 | 52.08
06/09/99 51.82 51.70 51.69 5121
06/10/99 51.99
06/15/99 51.96
26/17/99 | 51.95 51.80 51.76 | 51.63 51.24 | 51.99
06/23/99 51.92
06/24/99 51.91
07/06/99 51.92
07/07/99 51.92
07/09/99 41.53 5190 51.24 4801 |51.95|51.82 S51.80 51.36 |5L.97
07/13/99 51.92
07/14/99 51.97 | 51.81 51.91
07/22/99 51.91
07/26/99 | 51.90 51.90
07/28/99 51.76 5143 51.89 51.52 48.15 | 51.96 51.66 51.67 | 51.70
97/29/99 51.86
08/09/59 517
98/17/99 | 51.61

08/18/99 51.33 51.23 51.69
09/08/99 | 50.72 50.88 50.87 51.12 | 51.68
10/05/99 47.41 5045 50.89 48.15 | 50.471 50.62 4872
10/09/99

10/10/99 4744 5030 47.54 51.46 4825 50.61
01/21/2000 47.27 50.00  50.11  48.09 | 49.95 48.11
02/07/2000
03/04/2000 | 49.97 | 47.17 4941 4713 4999  48.00 50.61
03/20/2000 § 50.32 51.97
03/24/2000 ] 50.18 5202
33/27/2000 | 51.92 | 47.08 49.34  47.05 49.96 4795 50.62 52.0
0372972000 | 51.91 | 47.07 49.34  47.04 4963 4988 4793 |49.63] 50.63 47.95 | 51.99
03731720001 51.95 ] 47.04 4933 41 4987 4785 50.62 4794 | 52.30
04/03/2000 | 51.99 | 47.04 937 47.02 49.80  47.84 4793 15201
0470572000 | 52.01 | 47.08 4940  47.03 52.03
04/07/2000
04/10/200¢
0471372000 | 51.971 47.03 49.54  47.00 51.97
04/14/2000 47.03 49.56  47.00 49.73 4181 4789 | 51.96
Q471872000 f 51.96 | 47.03 49.67 47.00 50.05 49.78  47.85 47.89 | 51.95
04/19/2000| 51.96 | 47.05 49.69 4698 50.07 49.79 47.85 | 49.86 49.88 | 51.94
04/20/2000 47.05 19.71  47.00 51.93
04/28/2000 47.06 1993  47.02 51.85
05/05/2000] 51.77) 47.14 50.12  47.05 S0.58 4991  47.87 | 50.24 4792 | 51.77
05/12/2000 | 51.52] 47.17 5035 47.08 50.84 49.93 47.81 47.95 | 51.68
05/15/2000 | 51.45 | 47.18 5044 4708 5094 4998 47.80 [ 50.70] 51.05 51.04 49.97 { 51.67
25/11/2000 51.67
05/1472000 | 51.34 | 47.24 50.65 47.17 SLI4 5020 4785 |5095|5L12 S0l  48.32 }S5L.67
05/31/2000 | 51.15] 47.25 5069 47.18 SLI7 5027  47.77 [ 5101 5L.08 SL.07 46.40 | 51.68
0672072000 | SL.4L | 4731 51.21 5072 4725 5116 S0.67 47.94 | 51.20] 51.07 S51.07 50.80 | 51.67
0772472000 50.86 | 47.31 5101  50.68 47.26 S5LAS 50.85 51.33] 5092 50.39 5090 | 5L.69
10/26/2000 50.17 50.11
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APPENDIX C

Chemical Analyses of Pond Water and Groundwater

Table C1 contains results of bromide, oxygen-18, deuterium, and major ion analyses
of pond water samples. Bromide and chloride numbers are given as averages of concentrations
of multiple samples collected on each sampling date.

Table C2 shows bromide concentrations of piezometer samples. Measurements were
obtained either by IC or bromide-specific electrode.

Table C3 gives chloride concentrations of piezometer samples. All samples were

analysed by IC.
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Results of chemical and isotopic analyses of pond water.

Table C1
Date Br
(my/L)
03731799 2
04/06/99
04/15/99
04/28/99 84.1
04/30/99 97.9
05/03/99 99.1
05/09/99 [105.5
Q5/12/99 98.4
05/13/99 | 97.3
05/18/99 95.5
05/26/99 92.5
05/27/99 | 96.5
06/04/99 89.0
06/10/99 84.3
06/15/99 | 87.9
06/17/99 | 81.2
06/23/99 76.7
06/24/99 71.9
06/30/99 59.4
Q07/06/99 52.4
07/13/99 41.2
Q07/22/99 36.8
07/29/99 40.0
08,/09/99 82.0
08/17/99 57.8
03/22/2000 | 6.97
03/24/2000
03/29/2000 | 10.8
04,07/2000 | 15.0
J04/19/2000 | 18.0
04/21/2000

Ca Mg Na K
(mg/L) (mEEéL) (m%L) (m%L)
134 6. I. .24
177 9.57 142 (.23
21.2 925 1.68 0.24
27.8 122 293 (.28
27.3 131 268 0.24
40.1 137 272 Q.27
208 134 254 Q.26

Cl  NO3 S04 Alk [delO18 delD
(m%:;) (m?L) (m;{L) (mg‘L) (%)  (%o)

. . 22.1  66. 5.4 118
2.74 415 245 81.0 ] 223 aM2
265 1.76 293 909 | -204 -161
3.45 17.2 147
3.63

3.63 136 -134
3.63 4.2 -li4
4.20 <0.05 12.7 138

5.19 127
3.88 <0.05 7.34 139 133 -124
8.30

3.3¢ <0.05 0.83 217

3.35 1.5 -109
4.70 <0.05 3.4l 121 107
3.60 10,7 -102
3.03 9.6 922
3.15 93
3.00

2.00

1.78 10.2 936
1.26

1.52 0.3

1.45 101 90
4.71

419 <0.08 13.5

6.68

5.27 <009 17.2

10.9 <0.09 309

7.76 <0.09 31.8

8.13
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Table C2  Bromide concentrations in groundwater (mg/L).

piezometer [D
Date 980IA 9802A 9803A 9804A 9805A 9806A | 98CiB 9803B 9804B 98058 98068 98078

04/28/99
35/09/99
Q5/12/99 073 032 078 Q.87 | 0.38 375 093 J49
05/13/99 0.43 Q.81

05/18/99 .73 063 0.85 0.88

35/26/99 3.89
05/21/99
26/10/99
06/17/99 1.90

06/23/99 LE7
06/24/99 1.69 1.82
97/07/99 | 0.20 .34
37/09/99 Q.26 0.38
1/14/99 1.20 | 0.34

31/22/99
01/29/99 | 0.27 066 134 Q044 086 1.58 | Q42 Q57 047 143 129 Q90
08/09/99

08/19/99 1 0.61 1.36 1.74 088 0.469 0.65
08/20/99 1.36 0.61  1.13 1.56 1.39
09/08/99 3.45
09/09/99 1.36 088 134 145 L13 L75 1.28
10710799 | 073 073 J.69 135 1218 1.08 1.8
04/19/2000 2.18
04/20/2000§ 1.42 Q.38 1.68 5.54
04/21/2000 0.87 1.31
05/17/2000 | 682 223 Q0 3.7 Q.13 Q.57
06/20/2000 437
06/21/2000 | 6.36 0.76 Q.17 | 9.77
06/22/2000 0.27 8.9 Q.70
07/27/2000 | 5.8l d.21 525 Jl16 Q17 | 1050 335 1.3l
07/28/2000 0.35

piezometer D
Date 98088 98098 9810B 9811B 9812B [9801C 9802C 9B803C 9804C 9805C 980€C 9807C

U4/28/99
05/09/99 117 1.48
05/12/99 Q.26 789 060 | 0.68 4.5t Q61 Q.74
35/13/99 735 696 0.68

05/18/99 | 1.2l 1.46
05/26/99
05/27/99 1.3 0.63
06/10/99 3.3 1.75
06/17/99 1.18

06/23/99
06/24/99 9.3 Q.52
07/07/99 5.27
07/09/99 Q.36 1.54
07/14/99 a.49 931 a1 Ll
07/22/99
07/29/99 1.28° 033 209 049 052 | 047 052 Q42 031
08/09/99

08/19/99 1.66 1.74 1.00
08/20/99 994 195 136 2.69 2.94 145
09/08/99
09/09/99 1.28 1.97 193 151 367 | 3.05 345
10/10/99 | 2.51 1.0 352 Q81
04/19/2000
04/20/2000 1 Q.33 200
04/21/2000 5.37 797 017 | 915 Q.28 1.42
a5/17/72000 | 1.53 136 7.7 <0.07 | 129 Q.26 <003 1.36
06/20/2000 .39 L.il
06/21/2000 | 0.29 16.0
06/22/2000 4.78 183 Q13 1.08 026 052
07/27/2000 | 0.33 Q.37 0.15 | 1.7 2.62
07/28/2000 5.30 103 Q.35
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Table C2

Date

Continued

9808C 9809C 9810C 98LIC

piezomerer {D

9811C

9801D 9802D 9803D 9804D 9808D 9809D 981D

U4/28/99
35/09/99
05/12/99
35/13/99
05/18/99
05/26/99
05/21/99
36/10/99
06/17/99
06/23/99
36/24/99
07/01/99
37/09/99
07/14/99
07/22/99
37/29/99
08/09/99
08/19/99
08/20/99
09/08/99
09/09/99
10/10/99
04/19/2000
04/20/2000
04/11/2000
05/17/2000
06/20/2000
06/11/2000
06/22/1000
07/27/2000
07/28/2000

0.49
0.44

0.12

0.33

1.66

1.59

1.96

0.93
125
115

10.4

1.45

1.69

1

8.5¢
14.9
14.2

191

3.20

12.4

9.25

6.1t
9.51

11.3

2.2l
0.55

Q.74

<0.2

0.24 1.47
Q.70 002 087 08l Q10 309
0.70
Q.73 042 0.30
0.15 Q.57
0.60 14.3

123 094

0.34 6.13
086 063 104 360 Q33 109 774
L.74 J.94

51 159
.60
196 192 .67 5% 1.7

s 255

Dare

9811D 9812D

9801e

9802

piezomerer [D

9804e

9808e 9810e 981lc | 9801t 9802f 9803f 9804f

U4/28/99
35/09/99
35/12/99
35/13/99
35/18/99
35/26/99
05/21/99
36/10/99
06/11/99
36/23/99
06/24/99
37/07/99
07/09/99
07/14/99
07/22/99
07/29/99
08/09/99
08/19/99
08/20/99
09/08/99
09/09/99
10/10/99
04/19/2000
04/20/2000
04/21/2000
Q5/17/2000
06/20/2000
06/21/2000
06/22/2000
47/21/2000
07,/28/2000

1.86
1.5

13.6
8.70

6.41

.12

3.45

4.10

5.54
10.4

8.78

0.44

a.08

0.37

9.89

Q.54

0.28

.23

584

17.0
156

1.39

.79 139
9.58 346 128 | 019 0.07 137

139 44 127 it.6
.52 167 19.8
6.89
a.5¢  0.97 31
4.82

10.9
203 | 036  J.14

3.34 2.98

126 194 | 131 L.14

.84 274

895 208 19.2

147 108
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Table C2

Dare

Continued

J808f 9809f

9810f 98L1f

piezomerer iD
9801y 9802

98044

5808y 9809

9810y 98tiy

50101

W4/28/9%
05/09/99
05/12/99
05/15/99
Q5/18/99
5/26/99
05/27/99
06/10/99
06/17/99
06/23/99
06/24/99
097/07/99
Q7/09/99
a97/14/99
01/22/99
Q1/29/99
08/09/99
08/19/99
08/20/99
35/08/99
09/09/99
10/10/99
04/19/2000
04/23/2000
04/21/1000
05/17/2000
06/20/2000
J6/21/2000
06/22/2000
07/27/2000
07/28/2000

17
4.62

0.83

1.01
6.84

48.7
89.2

89.2

9.4

14.1

.23

40.9

6.79

34.8

Q.73
194
1.06 5.36

9.82

3.82

14.5

60.7

1.3
4.55
136
151 5.3

4.95
293

91.7

64.3

35.6

68 434
83
10.4

26 876

247

4.4
J6.01

Date

8Q1P2 SOLP3 801P4 802P3 802P4 803P3 8QUP3A

piezomerer [D

34718799
05/09/99
. 05/12/99
. 95/13/99
05/18/99
. 05/26/99
05/27/99
06/10/99
06/17/99
06/23/99
06/24/99
07/07/9%
07/09/99
07/14/99
01/22/99
01/29/99
08/09/99
08/19/99
08/20/99
09/08/99
09/09/99
10/10/99
04/19/2000
| 04/20/2000
| 04/21/2000
' 05/11/2000
. 06/20/2000
06/21,/2000
| 36/22/2000
07/21/2000
_07/18/1000

Q.54
1.35

0.52
Q.57

Q.13

a.13

0.t

0.13

0.68 0.17

0.07




Table C3

Date

Chlaride concentrations in groundwater (my/L).

9801A 9802A 9803A 9804A 9806A

piezomerer [D

9801B 9804B 9805B 93068 98088 93108 98118

T 04/718/99
" 05/09/99
. 95/12/99
© 05/13/99
35/18/99
05/26/99
05/17/99
" 06/10/99
© 06/23/99
' 06/24/99
37/07/99
37/09/99
. 07/14/99
©07/29/99
{ 08/09/99
¢ 08/19/99
: 08/20/99
| 04/19/2000
+ 04/20/2000
! 04/21/2000
05/17/2000
+ 06/20/2000
106/21/2000
' 06/22/2000
07/27/2000
07/28/2000

9.99
7.86

8.11

8.81
10.0 1.35

8.58 7.72 1.43

7.09

9.12

5.83
20.9

8.69
8.5

Date

98128

piezometer [D

9801C 9802C 9803C 9804C 9805C 9806C 9807C 9808C 9810C 98LIC 98I2C

94728799
35/09/99
- 05/12/99
05/13/99
© 05/18/99
©05/26/99
05/17/99
. 06/10/99
- 06/23/99
© 06/24/99
¢ 07/07/99
i Q1/09/99
b 07/14/99
P 01/29/99
P 08/09/99
;. 08/19/99
T 08/20/99
1 04/19/2000
: 04/20/2000
. 04/21/2000
£ 05/11/2000
. 06/20/2000
! 06/21/2000
1 06/22/2000
107/21/2000
07/28/2000

9.50
1.75

8.25

10.9
110

8.41

797 690

7.53

17.1

10.8

[.s2 1Ll

3.31
6.84
6.01

4.95 170

6.70
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Table C3

Date

Continued

piezometer D
9801D 9804D 9B808D 9810D 98ilD | 9801le 98Q2e

981Je

S8lle

9801f 9802f 9810f

04/28/99
05/09/99
05/12/99
05/13/99
05/18/99
05/26/99
05/21/99
06/10/99
06/23/99

. 06/24/99

{
'
i
|
1
[

07/07/99

| 07/09/99

Q07/14/99
07/29/99
08/09/99
08/19/99

; 08/20/99

'

'
}

04/19/2000
04/20/2000
04/11/2000
05/11/2000
06/20/2000
06/21/2000
06/22/2000
07/27/2000
07/28/2000

13.2

14.9
10.8

9.74

18.8

9.69 19.3
5.32 13.7
7.74 9.56
6.69
119 5.6

10.9

10.8
13.3

9.65

9.98

12.0

10.4
13.6

9.34

1.4
15.1

Date

piezometer D

9811f | 98Qly 9802y 9808y 9809g G610g 98llg

801P2 8QLP3

802P3 803P3

04/28/99
05/09/99
05/12/99
05/13/99
05/18/99
05/26/99
05/27/99
26/10/99
06/23/99
06/24/99
07/07/99
07/09/99
07/14/99
07/29/99
08/09/99
08/19/99
08/20/99
04/19/2000
04/20/2000
04/11/2000
05/11/2000
06/20/2000
06/21/2000
06/22/2000
07/21/2000
01/28/2000

5.16
5.06

4.39

9.68
100 8125

10.4 14.3

14.6 11.0
124 § 242

5.51

12.8

310 8.4l

81




APPENDIX D

Chemical Analyses of Soil Pore Water Extracts

Table D1 contains bromide and chloride concentrations of pore water extracts from
soil samples. For analysis, samples were diluted by approximately a factor of five.
Concentrations given here are those obtained by IC for the dilute sample multiplied by the
exact dilution factor.

Most locadon numbers in the table represent the mid-point between 98- series
piezomerer nests. Location number 02-11, for example, is the mid-point between piezometer
nests 9802 and 9811. Non-hyphenated numbers numbers indicate locations next to particular
piezometers. Exceptions to this include location 12 which is situated 5 metres south of
piezometer nest 9812, and location C, which lies at the mid-point between piezometer nests

9810 and 9802, at what is referred to as the "pond centre .
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Table D1 Bromide and chlotide concentradons of soil warer extraces (mg/L).
Date Locaton Depth Br Cl Date | Locaton Depch Br Cl
Interval (cm) Intetval (cm)

10/99 0211 0-20 9.7 1431 10/99 [ 0647 20-30 Q.05 160
10/99 20-30 23.8 526 10/99 60-70 0.05 5.83
10/99 40-50 6.05 10.7] 10/99 8090 0 6.57
10/99 5060 0.53 5731 10/99 100-110 0 9.66
10/99 60-10 0 4.62] 10/99 120-130 0 87t
10/99 8090 0 431} 10/99 140-150 e 319
10/99 90-100 0.10 7.091 10/99 160-17C 0 165
10/99 100-110 Q 0 10/99 190-200 | Q.05 6.86
10/99 110120 10.10 4.26 ] 10/99 240-250 o 1.3
10/99 120-130 0 52179 10/99 260270 0 105
10/99 140-150 [41.8 8.47 | 10/99 c 10-20 119 9.32
10/99 04-12 0-20 0 49.61 10/99 50460 19.2 2.30
10/99 40-50 0 241 10/99 7080 Q 1280
10/99 60-70 0.05 12.7] 10/99 120-130 0 130
10/99 70-80 0 156 10/99 180-190 g 137
10/99 8090 0.06 149] 10/99 10 020 40.5 134
10/99 100-110 |0.10 13.5] 10/99 40-50 67.7 10.3
10/99 110-120 0 4L.6} 10/99 50-60 0.42 6.43
16/99 130-140 0 18.71 10/99 60-70 ¢ 103
10/99 140150 10.05 4431 10/99 70-80 Q.05 12.7
10/99 200-21C 0 2L.1} 10799 120130 |0.78 10.8
10/99 220-230 0 3941 10/99 13C-140 |0.00 189
19/99 01-10 0-20 17.6 15.0] 10/99 140-150 |Q0.39 18.5
10/99 20-30 1.4 16.2 | 10/99 Q7403 3040 LIl 6.76
10/99 40-50 8.16 21.4| 10/99 40-50 0.21 494
13/99 5060 1.73 350} 10/99 110-120 0 316
10/99 60-70 0 253} 10/99 170-180 |0.07 8.87
10/99 90-100 3.10 44.7) 10/99 210220 |0.08 13.7
10/99 100-110 0 30.7] 10/99 1104 20-30 it.3 LIS
10/99 110120 1.59 30.2 ] 10/99 5060 290 46.3
10/99 140-150 0 23.5) 10/99 60-70 2.15 352
10/99 12 3040 0.20 7.00) 10/99 7080 d 345
10/99 5060 0 313] 10/99 90-100 0 536
10/99 7080 0.26 14.7] 10/99 110-120 0 3.53
10/99 110120 10.23 7.54] 10/99 120-130 |[4.24 8.18
10/99 160-170 0 746} 10/99 130-140 | 1.47 &.12
10/99 220230 0 825} 10/99 0801 20-30 503 6.0
10/99 08 20-30 58.2 0.76 § 10/99 40-50 0 6.64
10/99 03.08 20-30 36.0 93.8] 10/99 5060 12.3 493
10/99 50460 0 1171 10/99 80490 0 157
10/99 60-70 7.17 34.5] 10/99 90-100 215 8.64
10/99 8090 0 6,59 10/99 100110 j4.11 1G.1
10/99 90-100 6.27 25.2| 10/99 120130 J17.2 689
10/99 110120 ¢ 27.2)05/2000} OL-10 20-30 16.3

10/99 120130 0 8.88 J05/2000} 0Q2-11 20-30 33.4

10/99 140-150 |14.0 8.15]05/2000| 0348 40-50 312

10/99 170-180 [2.22 49.8 |05/2000| 0412 20-30 Q.12

10/99 180-190 |3.28 50.0 | 05/2000 40-50 Q.16

10/99 02 3040 9.88 18.4]|05/2000| 06 020 0.04

10/99 50460 1.86 14.6 | 05/2000 1eg.l1¢ | 0.05

10/99 8090 5.68 13.8 105/2000 180-19¢ |0.04

10/99 100-110 0 21.805/2000} OQeQ7 80490 0.05

10/99 120-130 {10.3 9.36 | 05/2000 130-140 | 0.04
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Table DI  Continued
Date Locaton Depth Br Cl Dare | Location Depth Br Cl
Interval (cm) Interval (cm)
05/2000 07403 3030 | 0.05 0772000 12 3040 1 <0.03
Q05/2000 8090 0.06 07/2000 7080 0.02
05/2000 08401 20-30 314 07/2000 130-140 0.01
Q5/2000 1104 0-20 59.0 07/2000 160-170 0.02
Q0572000 12 0-20 Q.05 07/2000 190-200 0.05
05/2000 5060 0.05 07/2000 220-230 0.05
05/2000 C 20-30 13.5 07/2000 250-260 0.04
Q05/2000 W7406 40-50 0.04 07/2000 280-290 Q.04
07/2000 0607 20-30 <0.01 07/2000 290-300 0.04
07/200Q 50460 <0.03 07/2000 10 7080 0.20
07/2000 8090 <0.01 07/2000 100-110 Q.05
0772000 110120 <0.01 07/2000) 1104 0-20 3.53
07/2000 140-150 <0.01 07/2000 40-50 1.59
07/2000 160-170 0.02 07/2000 7080 1.54
07/2000 180-190 0.02 07/2000 10C-110 Q.38
07/2000 210-220 0.02 07/2000 130-140 1.43
07/2000 Q703 Q-20 <0.01 Q07/2000| Ot-i0 20-30 Q.09
Q07/2000 7080 <0.01 07/2000 50460 Q.61
0772000 100-110 <0.01 07/2000 80-90 Q.10
07/2000 120-130 <0.01 07/2000 110120 Q.04
07/2000 130-140 <0.01 07/2000 C 0-20 C.16
Q0772000 140-150 | <0.01 Q07/2000 40-50 0.02
Q7/20C0 0308 0-20 1.08 07/2000 7080 0.01
07/2000 40-5Q 2.35 07/2000 1Q0-119 Q.01
07/2000 7080 1.40
07/2000 100-110 0.62
07/2000 130-14C 0.52
Q07/2000 140-150 0.42
07/2000 Q0412 20-30 0.02
07/2000 5060 Q.03
07/2000 8090 Q.15
Q7/2000 110-120 Q.09
Qa7/2000 140-150 0.07
Q7/2000 [80-190 Q.08
0772000 Q2-11 0-20 13.6
07/2000 40-350 3.91
07/2000 70-80 2.83
07/2000 100-110 1.86
07/2000 02 0-20 0.34
07/2000 90-100 2.63
07/2000 W706 1020 <0.01
07/2000 5060 <0.01
07/2000 8090 <0.01
07/2000 110-120 <0.01
07/2000 140-150 {<0.01
07/2000 170-180 <0.02
Q07/2000 200210 <0.02
07/2000 0801 0-20 Q.48
07/2000 40-50 5.47
Q7/2000 7080 2.98
Q7/2000 100-110 1.97
07/2000 130140 1.55
07/2000 12 0-20 <0.01
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