
UNIVERSITY OF C A L G A R Y 

Characterization of Hydrogeological Settings around a Hypersaline Sodium 

Sulphate Lake with Application of Electrical Resistivity Tomography 

by 

Elena P. Zimmerman 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

DEPARTMENT OF GEOLOGY AND GEOPHYSICS 

C A L G A R Y , ALBERTA 

JUNE, 2002 

© Elena P. Zimmerman 2002 



 
 
 
The author of this thesis has granted the University of Calgary a non-exclusive 
license to reproduce and distribute copies of this thesis to users of the University 
of Calgary Archives.  
 
Copyright remains with the author.  
 
Theses and dissertations available in the University of Calgary Institutional 
Repository are solely for the purpose of private study and research. They may 
not be copied or reproduced, except as permitted by copyright laws, without 
written authority of the copyright owner. Any commercial use or re-publication is 
strictly prohibited. 
 
The original Partial Copyright License attesting to these terms and signed by the 
author of this thesis may be found in the original print version of the thesis, held 
by the University of Calgary Archives.  
 
Please contact the University of Calgary Archives for further information: 
E-mail: uarc@ucalgary.ca
Telephone: (403) 220-7271  
Website: http://archives.ucalgary.ca  
 



Acknowledgements 

This research was supported by funds provided by the Natural Science and Engineering 

Research Council of Canada and Strategic Initiatives Fund of the Saskatchewan Energy 

and Mines. The following organizations and individuals were instrumental in donating 

their time and resources to helping with the project. I would particularly like to thank: 

• Lynn Kelley, Saskatchewan Energy and Mines 

• Dr. L Bentley, University of Calgary 

• Dr. M . Hayashi, University of Calgary 

• Dr. Chris Holmden, University of Saskatchewan 

• Jordi Reis, land owner 

• Millar Western Industries, Ltd., Palo, Saskatchewan 

• Harm Maathuis, Saskatchewan Research Council 

• David Gallen, National Water Research Institute 

• Marie Mathe, University of Saskatchewan 

• Cate Hydeman, University of Calgary 

• Lindsay Meads, University of Calgary 

iii 



ABSTRACT 

Understanding the input of groundwater to the evaporite deposit formation of hypersaline 

lakes in the Northern Great Plains is necessary to plan their sustainable exploitation. The 

study showed that shallow meteoric, intertill and possibly Cretaceous groundwater of low 

salinity all discharge into a hypersaline sodium sulphate lake. The only outflow observed 

from the lake was a brine plume at its margins. Based on isotope analysis the brine 

appears to originate from the lake. Density difference between lake brine and discharging 

fresh groundwater is proposed as the driving mechanism of the brine intrusion. 

Freshwater gradient and hydraulic conductivity of the sediments appear to control the 

vertical and horizontal extension of the plume. Electrical Resistivity Tomography was 

used to spatially position the saline plume. However, comparisons between the results of 

the ERT survey with the laboratory measurements indicate the ERT generally 

underestimates resistivity and distorts boundaries between zones of contrasting 

resistivity. 
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CHAPTER 1: INTRODUCTION 

1.1 The saline lakes 

In general, a "saline lake" has water containing more than 3000 ppm of total dissolved 

solids (Last and Schweyen, 1983). Basins, where evaporative process leads to continuous 

concentration of brines to saturation and then to evaporite precipitation can be connected 

with ocean coastal environment or inland lakes. Examples of the first type are coastal 

sabkhas (Sanford and Wood, 2001) in Saudi Arabia and Gulf of Cara Bogaz Gol 

(Sonnenfeld, 1980). Inland saline lakes are well known in semi-arid and arid 

environments around the world (Yechiely, 2001; Salama, 1999). Examples include Lake 

Asal in Djibouti (Gasse and Fontes, 1989), Dead Sea (Yechieli 2000, 2001) in Israel, 

Lake Frome in Australia (Bowler, 1986), Lake Yuncheng (Chin, 1986) in China, and 

Great Salt Lake in USA. Saline playas can be encountered in Argentina and Chile 

(Mcllven and Cheek, 1994). Saline lakes of both types, existing and dried out are of 

economic interest, being a source of industrial minerals, such as sodium sulphate or 

potash (Mcllven and Cheek, 1994). 

From a hydrologie perspective, lakes can be subdivided into closed and open systems. A 

closed system has negligible to absent outflow of both surface and groundwater (Lissley, 

1971). A surface water body with no surface or groundwater outflow is often referred to 
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as a terminal lake and they are expected to be saline to various degree (Langbein, 1961). 

Such a lake is a point of a depression-focused discharge of groundwater. Open systems 

can have lateral outflow of groundwater, like coastal sabkhas (Sanford and Wood, 2001), 

vertical downward outflow like prairie sloughs recharging the water table (Lissley, 1971) 

or surface stream outflow. Surface water salinity can develop in both closed and open 

systems (Salama, 1999). 

Salts are introduced into the surface basins directly from precipitation or by surface 

runoff and groundwater inflow (Wood and Sanford, 1990). Groundwater often has higher 

mineralization than precipitation or surface stream water due to mineral dissolution 

(Salama, 1999). Groundwater chemistry evolves from recharge to discharge areas 

becoming progressively more mineralized. While some saline lakes are fed by saline 

groundwater springs and seeps (Langbein (1961); Paine et al (1994)), while others have 

fresh groundwater discharging into them (Wood and Jones, 1990; Birks and Remenda, 

1999). 

Saline lakes occupy topographical lows formed by glacial actions and peri glacial prcesses 

in northern Great Plains, by deflation in Australia and southern Great Plains and by 

tectonic processes in eastern Africa and western United States. The basins occupied by 

the saline lakes are rarely deep. For example, only 9% of 131 saline lakes of northern 

Great Plains are deeper than 3 m (Last and Schweyen, 1983). Saline lakes occupying 

deep basins (like Pyramid Lake or Dead Sea) tend to be permanent (Langbein, 1961; 
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Yechieli, 2000). Many saline lakes are semi-permanent and become dry or nearly dry on 

occasion, and are referred to as playa lakes (Langbein, 1961, Last and Schweyen, 1983). 

Sediments of saline lakes are formed by chemical precipitation, by deposition of clastic 

material and organic detritus (Last and Schweyen, 1983). By the type of dominant salts 

some researchers divide saline lakes on bitter (predominantly sulphates) and alkali or 

soda lakes, which contain predominantly carbonates (Mcllven and Cheek, 1994, Stewart 

and Kantrud, 1971). Hudec and Sonnenfeld (1980) reported lake chains in semi-arid 

lands, which evolve progressively from pure carbonate to sulphate and chloride. Bowler, 

1986 also showed evolution of terminal lake salinity from freshwater to halite type. 

Evaporative enrichment has long been established as a cause of high salinity in the closed 

lakes. The salt accumulation in the saline lakes can be offset by an overflow event, when 

lake water becomes freshened. Salts can precipitate during drying event and be 

effectively insulated from re-dissolution by the accumulating clastic material transported 

into the lake by surface runoff and wind (Langbein, 1961; Last and Schweyen, 1983). 

Langbein (1961) suggested that salinity of some closed lakes can be estimated based on 

hydrologie properties, such as the ratio of annual net evaporation to mean depth, the 

coefficient of variation of discharge from the lake, geometric shape index, and the 

volume required to fill the lake to an overflow level. Wood and Sanford (1990) suggest 

that hypersaline lakes are not completely hydrogeologically closed systems. They see 
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three possible ways for the solute to exit the system. Molecular diffusion can occur if the 

lake is underlain by layer of sediment of low permeability containing pore water of low 

solute concentration. Advection of the groundwater outward from below the lake can 

occur due to spatial variability, heterogeneity or anisotropy in recharge in an aquifer 

surrounding the lake. Finally, the difference in density of the saline lake water and fresher 

ground water can create a flow of saline water inshore. This phenomenon is called 

saltwater intrusion and mainly was studied and described in marine coastal environment 

(Bear, 1972, p 557; Calvache and Pulido-Bosch, 1991; Lee and Cheng, 1974; Neilson-

Welch and Smith, 2001, etc). Density of the ocean water, freshwater flux and 

permeability of waterhosting sediments are controling factors in the saltwater intrusion 

process (Fetter, 1994). Bowler (1986) theoretically described how a wedge-shaped zone 

of high salinity forms underneath a terminal lake when lake evolves from freshwater to 

halite type in an arid area. The high salinity zone forms underneath the lake and expands 

laterally and vertically and eventually it starts to influence or become a part of a local 

flow system. Duffy and Al-Hassan, 1988 modeled brine sinking below the central part of 

a saline playa in a form of a wedge into an underlying fresh groundwater. This model 

emphasizes the role of freshwater recharge (controlled by amount of precipitation and the 

heights of the shore slope) on the extension of the salt-water wedge. High rates of upland 

recharge (high slope and high precipitation) effectively oppose the intrusion of the brine 

according to this model. Yechieli (2000) and Yechieli et al., (2001) describes saline 

wedges in Quaternary sand and gravel aquifers adjacent to Dead Sea, which he defines as 
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terminal lake. To locate the saline-freshwater interface Yechieli (2000) used 

measurements of electrical conductivity of groundwater in the piezometers, which was 

correlated with its salinity. In Yechieli et al., (2001) the time domain electromagnetic 

method (TDEM) was used to delineate the interface, by mapping zones of different 

subsurface resistivity. This study found that shape of the brine intrusions was irregular. 

This is due to the presence of multiple sub-aquifers (some fresh, some saline) and the 

transient state of the Dead Sea coastal hydrogeological system. As sea level is 

continuously plunging, freshwater continues to flash brine and saline beds which were in 

the equilibrium with saline water now get exposed to the fresh groundwater and become 

dissolved, resulting in irregular saline-freshwater interface. 

Northern Great Plain Region is occupied by numerous saline lakes (Salama et al., 1999, 

Last and Schweyen, 1983). The climate in Northern Great Plain Region is arid to semi-

arid with the rainfall not exceeding 450 mm/year and high evaporation significantly 

exceeding the precipitation (Last, 1992). 

Saline lakes of the Northern Great Plain Region range in size, though the majority (86%) 

can be described as small, shallow lakes (Figure 1) based on a survey of 131 lakes (Last 

and Schweyen, 1983). Some of the lakes are permanent; some are intermittent, shallow 

semipermanent lakes, filling with water in the spring and early summer, which are 

referred to as "playas". The playa surface is dominated by evaporites and surrounded by 
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mudflats, covered by efflorescent crusts and salts. Perennial saline lake's deposits consist 

mainly of fine-grain elastics with minor amount of very soluble salts and sometimes large 

quantities of less soluble precipitates, such as carbonates and sulphates (Last and Sweyen, 

1983). 

Saline lakes in Northern Great Plain Region are of Na-S04 or Na-MgSÛ4 type (Salama, 

et al., 1999; Last, 1992). In his survey of 60 lakes in southern Saskatchewan, Hammer 

(1978) found that the majority of the lakes has salinity below that of the seawater, but the 

survey did not include playas. The total solid content of lakes in Saskatchewan is known 

to vary from 350 to 400000 ppm (Last and Schewen; 1983, Tomkins, 1954). Some 

significant variations of chemical composition exist both regionally and locally. Last 

(1992) performed statistical analysis of chemical composition of 491 saline lakes and 

playas in the Northern Great Plain Region and concluded that lakes with highest salinity 

and concentrations of Na, Mg, K, CI and S04 can be found in east-central Alberta and 

west-central Saskatchewan. While nearly all lakes are sulphate-rich, the highest sulphate 

levels are encountered in eastern and eastern-central parts of the Northern Great Plains. 

The lakes with the highest proportion of sodium and sulphate occur in west-central 

Saskatchewan and east-central Alberta. Magnesium rich brines are common southeast 

and northeast of the region. High calcium and carbonate lakes are typical for north and 

east. Lakes in western and central Manitoba are rich in chloride and magnesium (Last, 

1992). Ultra-saline lakes, which develop permanent beds of crystallized salts, are mined 
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for industrial minerals, such as mirabillite (Na2SC>4 *10H2O). Rozkowski (1967) showed 

the evolution of groundwater in a hummocky terrain from S04-(HCC>3)-Ca-Mg type in 

the recharge area to SCvMg type in the discharge area, as less soluble minerals (calcite 

and gypsum) precipitates. Rozkowski (1967) suggested that water becomes a SCU-Mg-

(Na) type in the lake due to the intensive evaporation. R.V. Tomkins (1954) suggested 

that groundwater obtained calcium sulphate from glacial till. Then, when the groundwater 

passes through smectite clays, it exchanges calcium for sodium ions. The water from 

springs around the lakes contains up to 1000 ppm of sodium sulphate (Tomkins, 1954). 

The groundwater discharging into the lake would be shallow circulating groundwater of 

meteoric or glacial origin of modern to Pleistocene age. Briks and Remenda (1999) 

described the inflows of shallow meteoric ground water into saline lakes of southern 

Alberta. 

Salama et al, (1999) summarized that in the Northern Great Plain Region groundwater 

from deep aquifers mixes with shallow groundwater in the discharge areas, and that 

chemical evolution of groundwater is dominated by both shallow and regional deeper 

flow system. The bedrock influences the type of material and amount of salt incorporated 

in the overlying glacial drift and associated groundwater (Hendry and Buckland, 1990). 

Just how deep is the circulation is a subject of long-lasting discussion. 
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Grossman (1968) proposed that solution-collapsed structures formed by the dissolution of 

Paleozoic evaporates could provide a conduit for deeply circulating brines to some saline 

lakes. However, Last and Slezak, 1987 showed that the brine composition of Paleozoic 

deposits is very different from those of lake-water and that latter mapping of Na2SÛ4 

deposits did not show any spatial correlation between the deposits and trends of Prairie 

evaporites. Kelley et al., (1998) confirmed that spring systems currently supplying ions to 

the alkali lakes in Saskatchewan were not of Paleozoic origin based on stable isotope 

analysis. 

Cretaceous and Tertiary shales and sandstones loaded with salts was suggested as a direct 

source of some dissolved components in the lakes of the regions by Cole, 1926 and more 

recently by Wallick, 1981. Holmden and Kelley (2002) observed an increase in 8 7Sr/ 8 6Sr 

ratio from the lakes at the lowest elevations to the lakes at highest elevations and 

connected it with upward advection of Cretaceous groundwater (with low Sr/ Sr ratio) 

into the lakes. Hendry et al., 1986 have shown that Cretaceous beds are source of reduced 

sulphur to the overlying Quaternary sediments. 

1.2 The Electrical Resistivity Tomography method and its applications 

Resistivity surveys are among the most common geophysical methods used in geology 

and hydrogeology. The application of resistivity methods is based on the fact that 
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resistivity of subsurface varies depending on changes in the composition or state of soils. 

Electrical resistivity is the inverse of electrical conductivity. The soil electrical 

conductivity is sensitive to changes in pore water salinity. Goldman et al., (1988) and 

Yechieli et al., (2001) used time domain electromagnetic method to image fresh-saline 

water interface at the Dead Sea margins and Yechieli et al., (2001) concluded that 

subsurface resistivities below 1 £2-m are indicative of sediments saturated with water 

having a salinity in the range of normal seawater. Resistivity methods were also used to 

identify saline seep areas (Halvorson and Rhoades, 1974) or saline soils near prairie 

wetlands (Steinwand and Richardson, 1989, Hayashi et al., 1998). Downhole electric 

profiles were used to study salt distribution (Salama et al., 1994). 

Electrical resistivity tomography (ERT) employs current electrodes through which the 

electrical current is injected into the ground and potential electrodes for measuring the 

response. The technique uses series of resistivity measurements performed along a 

straight line at successively increasing distance between electrodes (Barker and Moore, 

1998). Because the increasing in the distance between electrodes leads to the 

measurement obtained from greater depth, obtained information can be used to construct 

a two-dimensional profile displaying the variation of measured (apparent) resistivity both 

laterally and vertically. 

Attempts are made to improve resolution of the method and make it more versatile. 

Lundegard and LaBreque (1995) and LaBreque et al (1997) use ERT in combination with 
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cross-borehole resistivity measurements. This combination allows obtaining far greater 

resolution of the subsurface than just surface survey. Lundegard and LaBreque (1995) 

found that when this technique is used to monitor air sparging remediation, it provides 

less ambiguous results than traditional methods (such as downhole electro-magnetic 

surveys). However to achieve high-resolution careful survey planning is required. 

Kulessa et al. (2000) proposes to combine ERT and magnetometric resistivity. 

Known depths of ERT investigations reached 75 m (Loke and Barker, 1996). Storz et al 

(2000) describes modification of the original method, which allowed imaging from the 

surface down to 4 km. 

ERT has been used to map subsurface geological features, like bedrock surface (Zhou et 

al, 2000) and locate the weathered layer of the crystalline rock, or delineate ore body 

(Loke and Barker, 1996). ERT also has been successfully applied to a number of 

hydrogeological studies like monitoring flow through unsaturated zone (Zhou et al., 

2001) and for monitoring saturation changes during hydraulic test (Barker and Moor, 

1998) or infiltration experiments (Labrecque et al, 1997). ERT was applied for 

contouring of contaminant plumes and for remediation work monitoring by Barker and 

Moor (1998), Loke and Barker (1996), Bentley et al (2001). For example, a leachate 

plume from an old tar works was delineated to depths of 20 m (Loke and Barker, 1996) 

and a shallow nitrate contamination was studied within first 5 m from the surface (Barker 
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and Moor, 1998). ERT was used to monitor remediation process at the site of 

decomissioned sour gas plant (Bentley at al (2001)). Narbutovskih et al (1996), Daily et 

al (1995) and Piepho (1994) reported feasibility studies on using ERT for leak detection 

from underground storage tanks. Phiepho (1994) suggested using saline tracer to confirm 

modeling results, when imaged with ERT. Long term monitoring of the contaminant 

plume in vadose zone is reported by Narbutovskih (1996). Daily (1995) reported 

application of ERT for monitoring remediation of a gasoline spill by air sparging. ERT 

images showed 20 % increase in resistivity of the soils after remediation technique was 

applied. 

ERT proves to be a diverse and useful technique in the investigations of water quality. 

ERT survey potentially can be used at the sodium sulphate lake's shore to delineate zones 

of soil containing pore water of different salinity. The water salinity can serve to 

distinguish between water of different origin. ERT has a few advantages over traditional 

methods (like electromagnetic terrain conductivity meter used in the mentioned above 

studies). It provides a two or three-dimensional image of subsurface with good vertical 

precision and possesses higher depth of penetration. However, a few issues need to be 

addressed in order to validate the survey's results. An optimization of survey vertical 

resolution and depth of imaging should be attempted by adjusting distance between the 

electrodes. The extent of image distortion due to smoothing function of the inversion 

algorithm has to be determined if contrasting features will be encountered. 
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1.3 The hypothesis discussed in the study and study objectives 

The first hypothesis discussed in this thesis is that density-driven groundwater flow is a 

significant output of solute from Lydden Lake. The first objective of this study is to 

examine fresh and saline water interactions at the margins of Lydden Lake and estimate 

the significance of density driven flow of groundwater. 

The second hypothesis is that the source of salts in Lydden Lake is shallow groundwater. 

Influx of water associated with Cretaceous aquifers is regarded as probable. The second 

objective is to characterize shallow groundwater input into Lydden Lake and describe 

evidence of deep groundwater discharge into this lake. 

The third objective is to demonstrate that ERT can be used to image saline-fresh 

groundwater interface in the saline sodium sulphate lake-groundwater system and to 

comment on the quality of the obtained images. 

1.4. Significance of the study 

Understanding the input of each component into the mechanism of the water salinization 

is necessary in order to devise sustainable plans of exploitation of the saline lake's 
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economie resources. The subject of the study is a typical playa of Southern 

Saskatchewan, which allows for the results obtained in this study to be extended to 

numerous saline playas of the Northern Great Plains Region. 
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Figure 1. The classification of the saline lakes of Northern Great Plains by their size, 

depth and degree of permanency, based on the survey of 131 lakes with salinity above 

3000 ppm by Last and Schweyen, 1983. Intermittent lakes are filling with water every 

spring and dry out by fall. 
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CHAPTER 2. STUDY SITE 

2.1 Location of the study area 

The study area is situated 120 km directly west of Saskatoon and 35 km southwest of 

town of Biggar, Saskatchewan and is adjacent to Lydden Lake (Figure 2). Highway 51 

crosses Lydden Lake via bridge that allows relatively unobstructed flow of water 

underneath it. It is one out of 21 lakes in Saskatchewan with known sodium sulpahte 

deposit exceeding 0.5 million ton (Tomkins, 1954). Lydden Lake has not been mined and 

is surrounded by pastures and crop fields. The total dissolved solids in the Lydden Lake's 

water, depending on the season of the year, can reach as high as 400,000 ppm and it has a 

well-defined permanent layer of mirabillite crystals (saline bed). Lydden Lake is a typical 

postglacial lake, which has developed in the former meltwater channel. By all of its 

physiographic characteristics, Lydden Lake can be called a typical playa of the Canadian 

Prairies. Springwater Lake occurs 1 to 1.5 km southwest of the Lydden Lake. Though 

almost identical in its shape and size to the Lydden Lake, Springwater Lake waters are 

significantly less saline; the total dissolved solids content of this lake's water is below 

15,000 ppm. The comparison between hydrogeological settings around these two lakes is 

a subject for future research. On the southern side of the Lydden Lake a flat area with 

easy access to the road was chosen for the drilling and piezometer installation program, 
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which is referred to as the study site. Broader territory encircling the study site is referred 

to as the study area. 

2.2 Climate and vegetation 

The climate of the study area can be described as cold continental semiarid (Last and 

Schweyen, 1983). The mean annual precipitation averages 360 mm for Saskatoon, with 

84 mm occurring in the winter (Last and Schweyen, 1983). The mean annual air 

temperature is about 2° C, but sudden and large variations in temperature are typical for 

that region (Last and Schweyen, 1983). The annual evaporation from large lakes in the 

area is 690-710 mm (Morton, 1983). Snow usually covers the ground by November and 

the lakes are frozen over for approximately 6 months (mid-November -mid-May). High 

evaporation, low humidity and high winds combine to produce an area marked by saline 

lakes and in some areas, extensive salt drifting (Rawson and Moore, 1944). 

The study area is in the aspen parkland zone (Archibold and Wilson, 1980). The lands 

around the study area are cultivated. Native vegetation including silver willow, trembling 

aspen, balsam poplars and wild roses grow on the non-cultivated patches. Aquatic 

species, such as spike rush and cattails grow in freshwater environment, while salt-

tolerating plants, such as Salicornia rubra can be found near alkali lakes. 
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2.3 Topography and surface water hydrology 

The area has hummocky topography and could be described as gently rolling (Kelley et 

al, 1998). Elevations within the study area range between 660 and 700 m. Lydden Lake 

average water level elevation is slightly above 663 m and Springwater Lake is situated 

topographically higher, its average water level at about 670 m. Lydden Lake together 

with Enis Lake occupies a valley of a former postglacial meltwater channel with steep 

slopes (Tomkins, 1965). Geological Survey of Canada (1959) note the well preserved in 

landscape position of a once existing ice-front along the northern side of the valley. To 

the north of the study site a pre-glacial Battleford valley host Whiteshore, Landis, 

Coldspring and Aroma Lakes. These lakes are associated with Snipe Lake internal 

drainage basin (Whiting, 1977). 

Lydden Lake can be classified as type VI (alkali)-4 in classification of Stuart and Kantrud 

(1971). The narrow (1-4 m) flat portion of the shore covered with precipitated salts is 

defined as a mud flat by Stewart and Kantrud (1971). The majority of the Lydden Lake's 

shores are formed with a steep cliff, 5-15 m high, covered with bushes. Along the 

southern shore of Lydden Lake, there is a flatland with a gentle rise from the water 

(Figure 3). Enis Lake is another alkali playa and Springwater Lake has brackish water. 

Two natural sloughs are situated on the upland separating Lydden and Springwater 

Lakes, both of them filling with water in the spring and early summer and drying out by 
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fall. Many seepages of fresh groundwater can be found around the shores of both Lydden 

and Springwater Lakes (Holmden and Mathe, personal communication). A freshwater 

stream, which is fed by several wetlands, discharges into the Spring Water Lake from the 

east. 

2.4 Geology and Hydrogeology of the study site and its surroundings 

Figure 4 shows bedrock geology of the area (adapted from Christiansen, 1967) and shows 

cross-sections compiled based on this map, which show Quaternary to Cretaceous 

geology of the study area. 

Paleozoic to Tertiary Sedimnts 

South-central Saskatchewan is underlain by a thick, near horizontal sequence of 

sedimentary rocks, mostly shales and sandstones. Devonian evaporite complex consists 

of up to about 180 m of evaporites. 

Extensive Cretaceous deposits in the study area are generally represented by clastic 

sedimentary rocks. Jurassic to early Cretaceous sediments are presented by Mannville 

Group, Lower Colorado subgroup, Upper Colorado subgroup, Milk River and Lea Park 

formations up to 1000 m in total thickness. Upper Cretaceous sediments in the area are 

represented by three formations (from oldest to youngest (Christiansen et al. 1980, 



19 

Christiansen, 1967): Foremost, Judith River and Bearpaw (Figure 4). Within the study 

area, Foremost formation consists of four members. The aquifer associated with the 

Ribstone Creek member yields up to 50 liters per minute of sodium sulphate water with 

TDS ranging from 900 to 3500 ppm. The Judith River formation extends to up to 95 m in 

the study area and consists of interbedded fine sands, silts, clay carbonaceous material 

and concretionary zones. The Judith River formation (Christiansen et al. 1980, 

Christiansen, 1967) is the deepest geological unit, which has been considered for 

groundwater supply in the area. The aquifer associated with this formation is able to yield 

between 250 to 350 liters per minute of sodium bicarbonate water. Total dissolved solids 

content is between 700 and 3000 ppm, with higher TDS and sulphate content in 

shallower portions of the formation. The Bearpaw formation consists of silty clay with 

several extensive sandy beds. In some parts of the study area up to 55 m thick 

interbedded fine sands, sils and clay locally carbonaceous and concrecionary, overlaying 

Bearpaw were singled out as Edmonton Formation. Later they were added to Bearpaw. 

Bearpaw unit yields few liters per minute of sodium bicarbonate water with total 

dissolved solids content between 1280 and 1340 ppm (Christiansen et al. 1980, 

Christiansen, 1967). 

The Cretaceous and Tertiary deposits have been greatly eroded prior to the onset of 

Wisconsinian glaciation leaving pre-glacial valleys (Christiansen, 1979). Gravel beds up 

to 50 m thick are known in the Battleford and Biggar pre-glacial valleys in the study area. 
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The sediments consist of chert gravel and sand (Christiansen, 1967). Preglacial gravel 

aquifers can be found as scattered lenses on bedrock in interfluvial areas. In the Biggar 

and Battleford areas, this aquifer might have continuous extent. To the north, near 

Rosetown the deposit can be up to 60 m thick and capable of yielding up to 600 m /day 

of marginal quality groundwater (Christiansen et al. 1979; Christiansen, 1967). 

Quaternary Sediments 

Cretaceous and Tertiary sediments are now mostly covered by glacial drift (Kelly et al, 

1998, Christiansen, 1992). Unconsolidated glacial, fluvioglacial and glaciolacustrine 

sediments represent the glacial drift in the study area. Cumulative thickness of these 

sediments is about 100 m. Numerous meltwater channels and spillways cut through the 

drift deposits during the last déglaciation (Christiansen, 1979). Collapse structures caused 

by dissolution of Paleozoic evaporites have disrupted the horizontal structure over much 

of the southern Saskatchewan. 

Modern lake deposits in the study area include silts and clays with organic material and 

precipitated crystals or crystallized evaporites (Geological Survey of Canada, 1959). In 

1965, a drilling and sampling program was undertaken by Tombill Mines Ltd to estimate 

sodium sulphate deposit of Lydden and Enis Lakes. Hydrated forms of sodium and 

magnesium sulphate precipitate from lake water every year as a result of supersaturation 

by evaporation and cooling during cold season of the year. Some of the precipitated 
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deposit dissolves the following year, while the rest stays solid and forms a permanent 

bed. The salts that go into the solution to form brine every year and redeposit as the brine 

cools in the fall are called intermittent crystal. Spring run-off sometimes carries sufficient 

amount of silt to cover the salts and hinder solution. R.V. Tomkins (1965) compiled a 

map showing thickness of intermittent crystal and permanent saline bed of Lydden Lake. 

The thickness of intermittent crystalline bed in Lydden Lake is about 1 m and the 

thickness of the permanent bed is changing between 0 and 3.5 m. There is also from 30 

cm to 1 m layer of muddy salts. The permanent bed of Lydden Lake has large amount of 

mud; cleaner intervals are composed of larger crystals. Tomkins (1965) provides an 

average estimate of the salts composition in Lydden Lake beds (Table 1). 

Marsh deposits occur along Lydden Lake and Springwater Lakes shores, in the places of 

groundwater seepage. They consist of sandy and silty soil with large amount of organic 

material. 

The surficial stratified deposits exist between the top of the Battleford Formation and the 

present ground surface. These deposits are postglacial alluvium, colluvium, and eolian 

deposits. Melt water from receding of the youngest glaciation is the main depositional 

mechanism responsible for deposition of these stratified drifts. 
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Christiansen (1992) described and subdivided into few formations tills of Saskatoon 

region, including the study area. However, glacial tills and interglacial deposits were not 

subdivided for the purposes of hydrogeologic characterization in Christiansen 

(1979,1965). He refers to the whole complex as glacial drift. Sand and gravel glacial or 

fluvio-glacial aquifers occur immediately below present surface, throughout the drift as 

lenses, between tills, between tills and drift and as fill in preglacial valleys. Thickness of 

the drift is between 0 and 250 m. Individual aquifers in the drift of the study area range in 

thickness between few meters to 35 m. Glacial sands and gravels were mostly deposited 

under subaeral weathering conditions and are often associated with oxidized zones. Total 

dissolved solids content of the groundwater associated with this unit vary between 300 

and 4000 ppm (Christiansen (1979,1965)). Generally, this groundwater is of calcium-

magnesium sulphate to sodium bicarbonate-sulphate type. Drift aquifers within the 

Biggar and Battleford valleys are believed to be capable of producing cumulatively over 

6000 m3/day of water. 

Rutherford (1966) did chemical characterization of Quaternary to Late Cretaceous 

groundwaters of Saskatchewan, by municipalities, including Biggar and Kindersley 

municipality. He characterized groundwater of upper and lower glacial till units and of 

two top Cretaceous formations: Bearpaw and Judith River. Rutherford used four basic 

types to describe groundwater of Saskatchewan, dividing Piper's diamond-shaped 

diagram into four equal quadrants by 50% meq/L lines. A l l of these types are 
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encountered in the study area and Table 2 provides short description of each type, 

adapted from Rutherford (1966). 
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Table 1. Average estimate of salts composition in Lydden Lake evaporite deposit 
(adapted from Tomkins, 1965) 

Component Chemical Formula Estimated content in Lydden Lake saline bed Component Chemical Formula 

Intermittent Permanent 

Glauber's Salt Na 2SO 4*10H 2O 81.5 % 51.9% 

Epsom Salt MgS0 4 *7H 2 0 12.3 % 27.0 % 

Gypsum CaS0 4 *2H 2 0 1.7 % 5 % 

Other salts NaCl, Na 2 C0 3 , 

Na(HC0 3) 

0.6% 0.7 % 

Wet mud 3.9% 15.4 % 

Table 2. Main types of groundwater (Quaternary to Late Cretaceous) encountered in the 
study area. 

Type Predominant 

Ions 

Mineralization Secondary Ions 

1 Ca, Mg, HC0 3 generally low, less than 1000 mg/L Na, S04 

2 Ca, Mg, SO4 moderate to highly mineralized, 

between 1000 and 5000 mg/L 

Na, HCO3 

3 Na, SO4 moderate to highly mineralized, 

between 1000 and 5000 mg/L 

Ca, Mg, Cl , 

HCO3 

4 4 Na, HCO3 Moderately mineralized, under 

2000 mg/L 

Ca, Mg, Cl , S04 4 

4-c. Na, Cl highly mineralized, above 2500 

mg/L 

HCO3 
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Figure 2. Location of the study site and surrounding area. The study site is located on the 

southern shore of saline Lydden Lake (maximum salinity of 400,000 ppm). Springwater 

Lake, south of the site is less saline (about 10,000-15,000 ppm). Whiteshore Lake is 

mined for sodium sulphate at present. 
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Figure 3. Topography and the main topographical features of the Lydden Lake shores 

within the study site. Individual survey points are shown as dots. 
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(b) 

Figure 4. Bedrock geology map (a) and geological cross-sections (b)of the study site 

surroundings (adapted from Christiansen, 1965). 
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CHAPTER 3. METHODS OF INVESTIGATION 

3.1 Geophysical surveys 

Electromagnetic reconnaissance survey was conducted in May, 2000 using 

electromagnetic terrain conductivity meter Geonics E M 31 with a fixed spacing of 3.7 m 

between the coils and operating frequency of 9.8 kHz in vertical dipole mode. In this 

mode, E M 31 penetration depth is 4 to 5 m. The electrical conductivity was measured in 

mS/m. The survey covered portions of Lydden Lake and Springwater Lake shorelines 

and upland between two lakes. The distance between surveyed points was 8-10 m along 

each transect. 

Electromagnetic reconnaissance survey within the study site using electromagnetic 

terrain conductivity meter E M 34 was done in September 2000 by Lynn Kelley of the 

Saskatchewan Energy and Mines and Mark Simpson of the Saskatchewan Research 

Council. EM34 uses the same operating principles that EM31. Transmitter and receiver 

coils are separated by 20 m in the horizontal dipole measurement mode were used, which 

resulted in 15 m penetration depth. The operating frequency of the unit is 1.6kHz. 
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Electrical resistivity tomography (ERT) was used for deeper geophysical survey. The 

electrical current (I) is injected through two current electrodes and the resulting voltage 

difference (V) is then measured at two potential electrodes. Figure 5 shows potential and 

current electrodes separated by a distance referred to as separation between electrodes. In 

a resistivity survey the known value of injected current (I) and measured voltage (V) 

values allows to obtain value of the apparent resistivity (pa) of subsurface by the 

equation: 

p a = k V / I (1) 

where k (m) is a geometric factor, which depends on the arrangement and spacing of the 

electrodes (Loke, 1999). The depth of penetration (and therefore imaging) depends on the 

spacing between the electrodes and the arrangement of the four electrodes, which is 

referred to as an array. Wenner array and dipole-dipole arrays (Figure 6) were used in this 

study. Apparent resistivity was measured using Advanced Geosciences, Inc. STING™ 

R l Earth resistivity meter and SWIFT™ Multi-electrode switching system. SWIFT™ 

Multi-electrode switching system consisted of four multi-core cables with 14 electrode 

switches each. Two wires SWIFT™ Multi-electrode switching system cable carry current 

to the current electrodes selected for each measurement, two carry the received signal 

back from potential electrodes and two more are used to control the switching. Switching 

refers to selecting four electrodes for each individual array. Cables can be connected 
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together and switches are attached to the stainless steel electrodes driven 10-20 cm into 

the ground. The computer-controlled system takes measurement at every possible array 

combination of current and potential electrodes. The maximum spacing at which the 

measurement is taken is a multiple of the initial one and depends on the type of the array 

and total number of the electrodes used. The distance between the neighboring active 

electrodes defines the depth of the performed resistivity measurement. As the distance 

between the neighboring electrodes increases, the number of individual arrays that can be 

used decreases and so does the number of measurements at a given depth level. 

Therefore, the interpretation is most accurate for the top half of the profile (Loke, 1999). 

If resistivity of topsoil is high or soil is dry, contact resistance between soil and electrode 

will be high. A contact resistance test was conducted before start of data collection. If 

contact resistance of an electrode was above 1000 £2-m, the electrode was driven deeper 

into the ground and salt water was poured around it. In this survey, the system was 

initially set to perform measurements at the maximum output current value of 500 A and 

output voltage of 400 V. The current and voltage are automatically reduced if the 

maximum current cannot be obtained. 

On some profiles, roll-along technique was used. After the data is collected, first cable is 

detached, moved forward and re-attached to the end of the last cable used to survey the 

initial line. Second cable now serves as the beginning of the line. The data is collected 
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using the extended interval. The additional surveyed points are then added to the initial 

line. 

Apparent resistivity is commonly arranged and contoured in the form of a pseudo-

section. The relation between the true resistivity of the subsurface and the apparent 

resistivity is complex. An inversion algorithm (Loke and Barker, 1996a) is used to 

estimate the true soil resistivity from the apparent resistivity values and to produce a 

model of resistivity cross-section. Res2Dinv program (Loke, 1999) was used in this study 

for inversion of data. The inversion algorithm uses two-dimensional model, which can 

lead to errors if three-dimensional effects are strong. The two dimensional model of 

subsurface consists of the number of rectangular blocks. The program determines the 

resistivity of each block that would produce an apparent resistivity pseudo-section that 

agrees with actual measurements by a series of iterations. The thickness of first layer of 

blocks is half of the electrode spacing. The thickness of each subsequent layer is 

increased by 10% or 25% (Loke, 1999). Since the model blocks vertical dimensions are 

dependent on the distance between electrodes, the survey vertical resolution improves 

with smaller distance between electrodes. Survey resolution also depends on the 

arrangement of current and potential electrodes (array). Blocks are unequal in their lateral 

dimensions. The biggest model blocks are situated on the edges of the model. The 

average resistivity of bigger blocks is an average of larger number of measurements and 
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therefore these parts of the model have less control and are less sensitive to changes in 

resistivity. 

The inversion routines used by the program are smoothness-constrained variations of the 

least-square method. The difference between observed and simulated apparent resistivity 

values is given by the root-mean-squared error (RMS). The RMS error can be used to 

judge the quality of the model. Model carries on with iterations until RMS decreases. The 

models with the lowest possible RMS error can sometimes give unrealistic results (over-

fitting of the model). It is recommended to stop iterations when the difference between 

RMS of two subsequent iterations does not change significantly. 

Each of the inversion model blocks has uncertainty associated with the value of 

resistivity calculated for it. The uncertainty value for a particular model block depends on 

the noise level in the data, the depth and size of the block, the distribution of the data 

points and the array used, and the resistivity of the block relative to the average 

resistivity. High resistivity areas tend to have higher uncertainty values, because less 

current flows through a high resistivity area surrounded by lower resistivity material. 

Even a significant change in the resistivity does not change measured apparent resistivity 

values very much. Two model sections with the minimum and maximum resistivity 

values calculated from the uncertainty in the model values can be displayed by the 

Res2Dinv program. Features common to both sections are likely to be real. 



34 

Each measurement in the survey was repeated three times and if the difference between 

repeated apparent resistivity values exceeded 2% the measurement was considered 

invalid. From the collected data set, data points, which have more than 1 % error between 

repeated measurements, were removed to decrease degree of uncertainty. Surface 

elevation data, obtained by surveying electrode's positions was added to the files. 

The inversion program uses Occam smoothing algorithm, which penalizes large 

contrasts between adjacent blocks and can cause distortion around sharp boundaries. 

Combining of Marquardt (ridge regression) algorithm with Occam in some cases can 

reduce distortions at the high contrast boundaries. Marquardt (ridge regression) algorithm 

used on its own proved to be unstable (Loke, 1999). Preliminary inversions using Occam 

smoothness-constrained method showed significant resistivity contrast on the site due to 

the presence of saline pore water. It was found that Occam algorithm penalizes sharp 

resistivity contrasts, which was encountered in the study area. Combined Occam and 

Marquardt inversion method was then used to reduce distortions caused by smoothing. 

Inversion for each line was carried on until difference in % RMS error between two 

subsequent iterations was less than 1%. Further iterations were not carried out to avoid 

over-fitting of the model. 

I have conducted sensitivity analysis of electrode configuration using a hypothetical 

model of subsurface resistivity distribution on the shore of a saline lake. Res2DMod 
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software (Loke, 1999) was used to simulate an ERT survey results for the hypothetical 

model using different arrays. This sensitivity analysis showed that dipole-dipole array 

produced images that are more detailed with smaller image loss on the edges compare to 

Wenner array. However, Wenner array was suggested for deeper imaging (>15 m 

penetration) because this configuration resulted in better quality images with larger depth 

of penetration. Therefore, for the field study, which focused on deep (>15 m) imaging, 

Wenner array was chosen. Surveying was conducted with electrode spacing of 2 m, 4 m, 

5 m and 6 m. Lines 1 and 2 were surveyed with 2 m of spacing and immediately 

afterwards repeat lines were surveyed with 4 m of spacing. Depending on spacing of the 

electrodes and the type of array used the depth of imaging was between 10 m and 60 m. 

In total 15 lines were surveyed, but Lines 3-8 were surveyed after a battery failure caused 

the loss of high-resolution calibration stored in volatile memory. The unit was re

calibrated for Lines 9 and following. Line 9 reoccupied Line 4 and showed that Line 4 

imaged major features. However, the absolute values of electrical resistivity for Lines 3 

through 8 contain an unknown amount of bias and are not presented in this paper. 

3.2 Drilling, soil sampling and piezometer installation. 

Radke et al., (2001) installed four drive-point piezometers (piezometers 18 through 21) in 

the summer of 2000 in the freshwater marsh zone within the study site (Figure 7) and 

conducted slug tests. The drive point piezometers were of two different types. One type 
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was standard shallow water well screen 1.91 cm in diameter and 25 cm long. The other 

consisted of an aluminum point that was designed and machined by the University of 

Saskatchewan. Both drive point tips were attached to sections of stainless steel pipe of 

1.5-2.5 m lengths. 

Three exploration deep boreholes (Boreholes 22, 23 and 26) were drilled using a mud 

rotary drill near Lydden Lake and Springwater Lake. The depth of these boreholes was 

between 150 and 180 m (Figure 8). The boreholes 24 and 25 were drilled to the depth of 

83.8 m and 48.8 m respectively and instrumented with piezometers. Borehole 25 situated 

west from the study site was screened between 37.5 and 40.5 m. Borehole 24 situated 

near Springwater Lake is screened between 80.5 and 77.4 m. The piezometers were made 

of 6.03 cm diameter PVC casing and stainless steel pre-fabricated well screens of the 

same diameter. Appendix A has borehole logs and carbonate content logs for exploration 

boreholes 22, 23 and 26. Borehole logs and piezometer construction details for the 

boreholes 24 and 25 are included in the Appendix A. 

At the study site on the southern shore of the Lydden Lake five shallow exploration 

boreholes (boreholes 1 through 3 and boreholes 6/7 and 9) were drilled along ERT lines 1 

and 15 (Figure7). Depth of these boreholes was about 20 m. Drilling was performed with 

a 6" truck-mounted solid stem auger going in 5 ft (1.5 m) intervals. The representative 

"auger-wrap" samples (Keller and van der Kamp, 1988) were collected along every 1.5 m 
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section if the sediments appeared to be homogeneous within the section. If sediments 

varied, the samples were collected from smaller intervals (usually 70 cm, or with 

sediment change). The depth of a sample is taken to be the middle of the sampled 

interval. The samples were sealed in plastic bags and refrigerated at +4°C until laboratory 

analyses were performed. In total 104 samples were collected. 

Four shallow boreholes were drilled and instrumented with five piezometers (Figure 7) in 

July of 2000 using a 6" truck-mounted solid stem auger. Piezometer 9 is screened at the 

depth of 2.85 m. The others four piezometers were completed to the depth of 4.6 - 5.6 m. 

The outside diameter of the PVC casing used for piezometers is 30 mm and the length of 

the screen is 50 cm (Table 3). A sandpack 0.62 m in length was installed around the 

screen of the watertable piezometer. Coarse sands and gravels collapsed around the 

screens of the piezometers installed in the gravel layer. From 0.4 to 0.6 m of the annulus 

above the collapsed sands or sandpack were filled with bentonite pellets, to ensure better 

seal. The remaining annulus was back-filled with bentonite chips (Figure 9). 

Another seven piezometers (three at 10, three at 15 and one at 20 m depth) were installed 

in July 2001. The diameter of the PVC casing used for the piezometers is 30 mm and the 

length of the screen is 50 cm. Because of the unstable saturated gravel layer on top of the 

profile a different drilling and installation technique was used, and consequently 

piezometers construction is different (Figure 9). The boreholes were drilled by the truck-
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mounted hollow-stem auger, which was left in the hole during the piezometer installation 

period. After the hole was completed to the desired depth, the PVC casing was lowered in 

the stem. Fresh water from a nearby community well was pumped downhole to stabilize 

the hole while filling in the sandpack. Sandpack was placed in the annulus by poring it 

slowly into the hollow stem. As the placement took place, the top of the settling sand was 

continuously monitored using a line with attached weight. The sandpacks were made 1.5-

3 m long (Table 3) to prevent fingering of cement slurry and cementing up of the screen. 

The cement slurry was injected through the hollow stem into the annulus after the 

sandpack was in place. The grout was made of approximately 90% by weight of solids 

(BWOS) portland-cement and 10% BWOS of bentonite. The cement slurry was mixed in 

batches and placed in the annulus up to the surface. 151 mm outside diameter PVC pipe 

cuts were installed around the piezometers as cement started setting to prevent damage to 

the piezometer from the livestock (dairy cows). 

Table 3 summarizes the details of piezometer construction for all of the piezometers 

installed at the study site and in its vicinity. 
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One of the piezometers (13) was flowing artesian, so an assembly was installed on the top 

of the casing to measure water pressure. Cole-Parmer digital pressure gauge (model U -

68925-04) was used in this study. The accuracy of the gauge reported by the 

manufacturer is 0.26 kPa of fluid pressure (or 2.6 cm of water column). 

3.3 Field evaluation of water chemistry and hydraulic conductivity of soils. 

Deep piezometers were purged three weeks after the installation, using a peristaltic pump. 

Tubing with inside diameter of 7.1 mm with a heavy metal bar attached to its end, was 

lowered into the piezometer and lifted approximately 1 m above the bottom. Water was 

continuously pumped at a low rate (0.3 L/min maximum) from the three piezometers 

screened at the depth of 10 m. For other piezometers even the low-flow pumping caused 

drawdown exceeding the lifting capacity of the peristaltic pump. After at least one well 

volume was pumped out of the well low flow sampling and hydraulic conductivity tests 

took place. A flow through cell was connected to the output line of the peristaltic pump to 

measure Eh and pH of the groundwater. Eh and pH meters were than calibrated at a 

temperature close to the in-situ groundwater. The pH and Eh readings were taken after 

stable readings of temperature, Eh and pH were achieved. For measurement of electrical 

conductivity, a platinum dip cell of the portable electrical conductivity meter (VWR 
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Scientific, Model 2052 and 23198-02) was inserted into a plastic cylinder filled with 

groundwater. 

Groundwater in deeper piezometers (10 and 15 m level) was sampled at regularly spaced 

depths (1 to 2 m increment) to obtain electrical conductivity (EC) distribution in the 

water column. The EC distribution in the piezometer 13 was not recorded because it was 

under artesian (flowing) conditions. Density stratification was considered insignificant in 

the shallower piezometers (<5 m) piezometers. The water was sampled by tubing 

lowered to the desired depth. Approxiamtely 1.5 volumes of the tubing were slowly 

purged before the water sample was collected. EC and temperature were measured by the 

portable EC meter and by a thermocouple thermometer (Barnant, Model 600-1020) with 

a copper-constantan thermocouple. The measurements were taken moving from the top to 

the bottom of the water column. 

In the shallow piezometers, water samples were collected after purging four well volumes 

using bailer method. 

Water levels in the installed piezometers and two deeper wells were periodically recorded 

form October of 2000 to October of 2001. 
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Slug tests performed by Radke et al., (2001) are used in this study to characterize upper 2 

m of the marsh sediments, soils and sand unit. 

During the purging and sampling with the peristaltic pump, water level was measured at a 

regular time interval (Appendix B). The recovery rate was monitored after pump was 

turned off until recovery rate become slow (approximately 10 mm/hour). Exact pumping 

rate was unknown and it was impossible to apply Theis interpretation methods for 

recovery tests. Therefore, the recovery tests were regarded as slug tests and the data was 

interpreted using Hvorslev's (1951) method. However, because the drawdown in 

piezometers was not instantaneous as required in the slug tests the results should be 

regarded as an approximation. 

For the flowing Piezometer 13, a constant head test was used to estimate the hydraulic 

conductivity of sediments. A pressure gauge was installed on the piezometer and left 

over-night to achieve equilibrium hydraulic head (H0). The gauge was then removed and 

a solid galvanized steel pipe with 90° elbow at both ends was attached to the top of the 

casing. Groundwater water was collected from the steel pipe in a graduated plastic 

measuring cylinder and flowrate was monitored until it reached a constant value in three 

hours. This value was considered a quasi-steady state flowrate (Qs). The quazi-steady 

state hydraulic head value (Hs) is considered equal to the elevation of the outlet of the 
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pipe. The head loss within the piezometer casing and the pipe was assumed negligible. 

According to Hvorslev (1951): 

Q S = F K ( H 0 - H S ) (2) 

where K is hydraulic conductivity, and F is the shape factor defined as 

F = - ^ - (3) 
ln(LTR) 

where L and R are sandpack's length and radius respectively, and r is the casing radius. 

Hydraulic conductivity was estimated from equations (2) and (3) is included into 

Appendix B. 

3.5 Laboratory methods of investigation 

Grain size analysis. 

Two split-samples weighing from 100 to 110 g each were taken from each bag of auger-

wrap samples. An index (1 or 2) was added to the sample name to identify split-samples. 

If the analysis was replicated, a lower case "r" was added at the end of the identification 

for the replicated sample. The samples were air-dried, ground in ceramic mortar with a 



43 

pestle and sieved through 2 mm and 1 mm sieves. Coarse fraction (> 1 mm) was weighed 

on the digital scale and recorded. The volume of the fine fraction (< 1 mm) was then 

reduced using the micro-splitting method (B.Mottle, personal communication). The 

weight of resulting sample was about 2 grams. Samples then were saturated with 

hydrogen peroxide and after that with the 5% aqueous solution of the water softener 

"Calgon" to disperse fine particles. 

Grain size distribution was determined by a laser particle size analyzer (Malnern 

Instrument, Mastersizer). This analysis is significantly less time-consuming than 

traditional techniques (settling tubes, hydrometer, sieves), but the resultant grain size 

distribution obtained by this method is per volume of the sample, not per weight. The 

existing soil classifications are based on weight proportion of each fraction (Sergeev, 

1983). Mastersizer tends to under-estimate amount of finer sediments (Schillabeer et 

al.,1992). 

Density and porosity estimation. 

The field bulk density of 44 cohesive samples was measured using a ring with a cutting 

edge of known volume and weight. When sample volume was sufficient, soil was cut 

with the ring and weighed. Gravimetric moisture content of soils was measured by 

C.Hydeman following the standard oven-drying method (Sergeev, 1983). Dry bulk 

density (pd) of the soils was obtained using the equation: 
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P d = W s / V (4) 

where W s is weight of solids (equal to the weight of the soil sample minus weight of 

fluids) and V is the volume of the soil sample in the ring. 

After the dry bulk density is obtained, the porosity v can be calculated using equation: 

v = (ps-pd)/ps (5) 

p s is particle density,. The particle density was taken to be 2.65 g/cm3 for sands, 2.71 

g/cm3 for silts and 2.74 g/sm3 for tills and clays (Sergeev, 1983). 

Laboratory measurements of bulk soil resistivity: general methodology 

Bulk electrical resistivity of sediment samples was measured in a transparent cylindrical 

plastic cell with a cap using two stainless steel plates as electrodes. The bottom electrode 

is firmly attached to the cell and the top electrode is moveable on the base of the cap 

(Figure 10). Connecting wires were welded onto the electrodes. 
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Hewlett-Packard 4262A LCR meter was used to measure resistance of a material at three 

different frequency values (120 Hz, 1kHz and 10 kHz). The resistance values, measured 

at higher frequency (1 and 10 kHz), were practically identical for any given soil sample 

while the values measured at low frequency (120 Hz) were generally 5-30% higher (in 

some cases up to 60%) than high frequencies values (Appendix C). At low frequencies, 

the influence of capacitance increases causing erroneously high resistance readings. 

Resistance (r, Q) was converted into resistivity (r, £2-m) using the relation: 

r=T*A/x (6) 

where x (m) is length of the sample and A (m2) is the area of the sample face. Sample 

length varied, depending on the amount of sediment in the cell but it was generally within 

a range of 0.5 - 2 cm. Area of the sample face was equal to 28.5 cm . The mean of four 

resistivity values measured at high frequencies, was taken as the resistivity value for each 

sample. 

The ELE digital Triset loading device was used to apply effective stress on the sample. 

The soil is placed in the cell, then covered with the cap and positioned on the base of the 

Triset. The base of Triset can be hydraulically lifted. The top of the cell comes in contact 

with a sensor attached to a rigidly set loading bar, and as the uplift continues pressure is 
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applied to the soil in the cell. The sensor is detecting force applied to the face of the soil. 

A measuring scale on the base detects the absolute height of the lift. The soil sample 

length, L was estimated from the difference in height between the empty and filled with 

soil cell. 

The cell construction allows water to drain into the annulus between the body of the cell 

and the cell cap while loading (Figure 10). That enables us to use the concept of the 

effective stress to recreate the in situ stress. By definition 

a T =a e + P (7) 

where g t is total stress, a e is effective stress and P is pore pressure. Total stress was 

calculated using the equation: 

N 
0 " t = g Z Pi Zi (8) 

i=i 

where p, (kg/m ) is bulk density of the soil, g (m/s ) is gravitational acceleration and z¡(m) 

is the thickness of an individual layer of constant density. To obtain the total stress for a 

particular sample, contribution of all overlying layers were added in Equation 8. Pore 
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pressure was calculated using the equation for hydrostatic pressure as it is done when 

calculating the overburden. 

P= pgh (9) 

where p. kg/m3 is density of water, g (m/s2) is gravitational acceleration and h (m) is 

saturated zone thickness above sample depth. To simplify the calculations the density of 

the pore water was taken to be 1000 kg/m3 although it may be higher for saline water. For 

calculating the overburden stress the bulk density of the soils obtained with cutting ring 

method was used. The estimates of effective stress and corresponding force for the 

loading area of the cell can be found in Appendix C. The range of force applied to each 

sample during each measurement is recorded for each measurement of resistivity. 

Experiments conducted to investigate influence of sample temperature and applied 

effective stress on the measured resistance value (Appendix D) demonstrated the 

importance of performing resistivity measurement at the in situ temperature. I did not 

measure the subsurface temperature in the piezometers. Therefore 5°C is assumed to be 

temperature of the subsurface below the zone of annual temperature fluctuations (1-2 m) 

based on the groundwater temperature at a similar site near Saskatoon, Saskatchewan 

(M.Hayashi, unpublished data). This temperature was considered to be representative for 

the study area. Due to practical considerations, most samples were kept at the 
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temperature between 4 and 6 C. The samples from the depths of 3 m or less were 

conditioned to 7 - 11 °C. To avoid convective heat exchange between cell, soil and air, 

the sample and the cell were kept in the freezer before sample was loaded. After loading 

the sample in the cell, they were conditioned to the desired temperature together. A block 

of Styrofoam was put on the cell during measurements to provide insulation. The initial 

and resultant sample temperature was recorded for each measurement of resistivity. 

It appears that once a good contact is achieved between sample phases and electrode (i.e. 

force of 10-20 N is applied) the resistivity value is not significantly affected by the 

change in applied force. 

The bulk density of the samples repacked into the measuring cell was compared to the 

bulk density of intact samples (Figure 11). The range of difference was within 0.2 g/cm3 

between bulk density the soil repacked in the cell and of the intact soil for all but one 

sample. 

3.6 Laboratory investigation of ground and lake water 

Lydden Lake water samples were collected during 1999-2001 by M.Mathe, L.Kelley and 

C.Holmden, by submerging a sample bottle in lake water. 



49 

The soil water from the sediment samples was obtained by draining water through a 0.45 

um membrane filter under a vacuum from coarser grained samples (direct filtration) and 

by aqueous extractions from finer sediments by Hydeman, 2001. The direct filtration 

technique required approximately 300 g of sediment sample to collect 50 ml of water 

sample. Approximately 180 g of soil sample at the field moisture content was diluted 

with 90 ml of deionized water and subsequently shaken for four hours in the aqueous 

extraction method (Hayashi et al, 1998). 

Electrical conductivity of directly filtered and extracted water samples was measured 

using a portable EC meter. Because EC of is dependent on its temperature, every EC 

measurement was converted into EC at the temperature of 25 °C using the following 

equation (M.Hayashi, in submission): 

where ECTO is electrical conductivity of a brine at temperature T 0 C , E Q is electrical 

conductivity of water at the temperature T¡ and C is empirical constant equal to 28.9. 

ECT =ECt* T0+C 
7/,+C J 

(10) 

Major cations (Ca, Mg, Na, K), Fe and Sr were analyzed using atomic adsorption 

spectroscopy at the National Water Research Institute in Saskatoon and at the 
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Saskatchewan Research Council and anions (SO4, Cl , HCO3, CO3,) were analyzed using 

ion-exchange chromatography. 

Isotopie analysis of 8 1 8 0 and ÔD of pore water obtained from directly filtered samples 

was performed at the University of Calgary Isotope Science Laboratory. Isotopie analysis 

of S 1 8 0 and 8D of Lydden Lake water and samples collected from piezometers were 

performed at the University of Saskatchewan Geological Sciences Isotope Laboratory. 

The results of laboratory investigation of pore water can be found in Appendices E and F. 

Density of a few samples of artificial brine was determined by weighing the water sample 

contained in a 10 ml volumetric flask on a high precision electronic balance at an ambient 

room temperature (23-24°C). 



Table 3. Specifications of piezometers 

Piezometer 
Easting Northing 

Ground Surface 
Elevation 

Top of Casing 
Elevation 

Sück-up 
Total Depth 
of the Hofe 

Bottom of 
the Screen Piezometer 

m 

11 681042.04 5765484.41 665.760 666.746 0.99 11.24 11.04 
12 681044.48 5765486.41 665.791 666.567 0.78 17.21 17.01 
13 681046.44 5765484.67 665.685 666.341 0.66 21.88 21.68 
14 680999.06 5765434.02 665.929 666.747 0.82 11.58 11.38 
15 681001.08 5765430.60 665.891 666.769 0.88 17.20 17.00 
16 680875.52 5765674.23 667.325 668.114 0.79 17.59 17.39 
17 680880.13 5765670.81 667.272 668.079 0.81 11.53 11.33 
18 681075.00 5765522.00 663.150 664.419 1.27 2.47 2.47 
19 681080.60 5765521.00 663.603 664.474 0.87 1.57 1.57 
20 681080.20 5765521.00 663.953 664.686 0.73 1.40 1.40 
21 681072.30 5765515.00 663.620 664.064 0.44 1.58 1.58 
25 681144.51 5765744.76 668.183 669.683 1.00 48.77 40.54 
24 681308.00 5763951.00 679.734 681.234 1.00 83.82 80.47 
4 681045.23 5765484.63 665.678 666.745 1.07 5.64 5.44 
5 680998.60 5765430.95 665.805 666.877 1.07 5.64 5.44 
8 680875.15 5765595.75 666.574 667.430 0.86 6.46 6.26 
9 680875.15 5765597.75 666.574 667.430 0.86 3.71 3.51 
10 680877.10 5765673.22 667.278 668.355 1.08 6.73 6.53 

Piezometer 
Length of the 

Sandpack 
Mid screen 

depth 
Mid-screen 

elevation 
Inside Diameter of the 

Casing 

Response 

Time, T 0 

Hydraulic 
Conductivity Piezometer 

m mm min nVsec 
11 1.93 10.79 654.97 26 15 1.47E-07 
12 2.07 16.76 649.03 26 NM 
13 3.18 21.43 644.25 26 NM 1.09E-07 
14 1.73 11.13 654.80 26 7 3.42E-07 
15 1.74 16.75 649.14 26 86 2.80E-08 
16 1.55 17.14 650.19 26 933 2.80E-09 
17 1.78 11.08 656.20 26 10 2.35E-07 
18 NM NM N M 18 NM 
19 N M NM NM 18 NM 
20 NM N M NM 18 NM 
21 N M NM NM 18 NM 
25 18.29 39.01 629.17 51 NM 
24 10.67 78.94 600.79 51 NM 
4 3.04 5.19 660.49 26 <3 
5 3.54 5.19 660.61 26 <3 
8 2.66 6.01 660.57 26 NM 
9 0.47 3.26 663.32 26 <3 
10 1.73 6.28 661.00 26 <3 

NOTE: N M - not measured, for drive-point piezometers 
Depth of the borehole and bottom of the screen is shown in m below ground 
surface. 
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Figure 5. The arrangement of current and potential electrodes for a resistivity survey. The 

electrical current (I) is injected into the subsurface through current electrodes and the 

return voltage (V) is measured on the potential electrodes. 
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Figure ó.Wenner and dipole-dipole electrode configurations (arrays) for a resistivity 

survey and the geometrical factors (k) for these arrays. 
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Figure 7. Location of exploration boreholes and associated piezometer nests within the 

study site. 
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Figure 8. Location of deep exploration boreholes and associated piezometers 
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Figure 10. The laboratory set-up for measuring sediment samples resistivity and the cell 

with a cap. 
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Figure 11. Distribution of difference in bulk soil density measured by cutting ring method 

and obtained during the resistivity measurement 
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CHAPTER 4. RESULTS 

4.1 Quaternary sediments of the site and soil characterization 

Geological interpretation of the site is based on literature sources and drilling cuttings 

descriptions. Results were arranged in the form of two cross-sections (Figure 12). The 

first cross-section (Line 1) compiled information obtained from Boreholes 1, 2 and 3. The 

second cross-section (Line 15) included Boreholes 6/7 and 9. The observed sediments 

can be subdivided into few stratigraphie units of the Pleistocene and Holocene ages. 

Appendix A contains stratigraphie interpretation of the borehole logs. 

Geological characterization of the study area 

Christiansen, 1992 developed stratigraphie chart for Quaternary and late Pliocene 

sediments of the Saskatoon area. He suggested till formations of different age can be 

distinguished by total carbonate content, electrical resistance, stratigraphie relationship of 

tills and intertill deposits, and oxidized zones. Appendix A has total carbonate content 

logs obtained from the results of drilling cuttings analysis for the Boreholes 22,23 and 26. 

Mean values for total carbonate content of different till formations for the Saskatoon area 

obtained by Christiansen, 1992 are presented in the Table 4. The type cross-section 

compiled by Christiansen for the Saskatoon area is situated about 20 to 40 km to the east 

from the study area. The variability of Pleistocene sediments is quite large, so that the 
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presence and thickness of the formations can change drastically over that distance. The 

total carbonate content of tills also can change from area to area (Christiansen, 1992). 

Consequently, the numbers are used as guidelines for division of the tills, but some 

differences are anticipated. The total thickness of tills and interglacial deposits ranges 

from 70-75 m in Boreholes 22 and 23 to 105 m in Borehole 26. The bedrock uncovered 

in the boreholes 22,23 and 26 consists of non-calcareous silts and silty sands. Comparing 

sediment description with the carbonate content of the sediments a few till and 

interglacial units can be distinguished (Appendix A). The topmost unit described in the 

boreholes 22, 23 and 26 as till is more likely to be a part of surficial stratified deposits, 

than Battleford till. Christainsen (1992) cross-section suggests that there are no 

interglacial deposits between Battleford and Floral tills. The first 15-30 m of the 

subsurface has features which can be easily associated with glaciolacustrine deposits: 

laminated silts, noted in the borehole 22 and presence of well sorted, sub-rounded sand 

beds. The carbonate content of this unit is significantly higher that that of the Battleford 

till and its color is between yellow and brownish-gray, while Battleford till is described 

as gray. Battleford till can be a part of the next till unit and designated as Floral till in the 

Appendix E. The sequence of the oxidized, unoxidized and oxidized tills was not 

observed in this unit, so the presence of Battleford till cannot be confirmed. Warman, 

Dundurn and Mennon tills can be distinguished as separate units in Boreholes 22 and 26 

(Appendix A). 
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Description of geological units presented at the cross-sections  

Modern lake and marsh deposits 

Figure 13 shows a stratigraphie interpretation of Quaternary deposits at the study site. 

The present day deposits are represented by shore marsh (lmn QIV) sediments and by the 

modern Lydden Lake deposits (lkaQIV). 

On the cross-sections (Figure 13) the boundary between modern lake sediments (lk2QIV), 

modern marsh sediments (lmn QIV) and the fluvioglacial sediments (flglQIV) is based on 

the extent of the lake's mudflats and freshwater marsh in the modern landscape. 

Holocene Fluvioglacial and Glaciolacustrine sediments 

A silty sand unit form top 3 m of the sediments along Line 1. They are underlain by 

medium to coarse sands, about 1.5-1.75 m thick, underlain by gravel layer. The color of 

sediments changes from brown in oxidized sediments to gray in unoxidized sediments. 

The change in color loosely corresponds to water table depth. The gravel layer is between 

1.5 and 2 m thick and is encountered at the same elevation along Line 15. The shore cliff 

and upper part of the profile around Line 15 consists from 5-6 m of sands and silts with 

inclusions of pebbles. Beneath the gravel layer is a 13-14 m thick layer of dense gray to 

olive-gray clays containing lenses of silts and sands. 
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Al l sediments are calcareous and react with 5% HC1. Gypsum is found in form of rosettes 

of crystals. It occurs in finer sediment (clays and silts). The topmost sand layer forming 

the cliff along Line 15 contains white, powder-like gypsum and is highly calcareous. 

The dense clay unit is interpreted as a glacio-lacustrine deposit. In the Saskatoon area, 

glacio-lacustrine deposits were deposited in the beginning of Holocene (Christiansen, 

1992). The glacio-lacustrine unit is denoted as lkiQIV on Figure 13. The deposits 

between the lacustrine clays and modern day land surface are denoted as flglQIV. They 

represent fluvioglacial sediments deposited by meltwater as the glacier and lake were 

retreating. 

Floral Till 

In Boreholes 1 and 2, gray clays below 647 m in elevation have inclusions of 0.5-1 cm 

pebbles and are interpreted as Floral till unit which was encountered in Boreholes 22, 23 

and 26 at the depth of 15 - 30 m. The contact between glaciolacustrine sediments and 

Floral till is gradual, presumably due to erosion and subsequent re-deposition of the 

material by the meltwater. This till unit is designated as glQIII_flr at the cross-sections. 
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4.2 Grain size, density and porosity of sediments. 

The sediments encountered during drilling were ranging from gravels to clays. For the 

boreholes 22 through 26 visual descriptions of sediments is presented in the Appendix A. 

Grain size distribution was characterized for 28 samples from five shallow exploration 

boreholes. The soil types based on the results of Mastersizer analysis are summarized in 

Table 5. They are divided into groups based on Canadian System of Soil Classification. 

This division is compared to visual description of the sediments performed in the field. 

Inconsistencies in the visual identification and analysis results can be explained by partial 

loss of fine phase during micro splitting and incomplete dispersion of the clay-particle 

aggregates. Due to uncertainty in the applicability of the existing classification to the 

Mastersizer results, discussed in Chapter 3, the field description of sediments is left on 

the cross-sections. Samples 2-4A-1 and 2-4A-2 with high proportion of coarse fraction (> 

2mm) are described as gravel if the coarse fraction (> 2 mm) constitutes more than 50% 

by weight and gravely sand if it constitutes more than 25% by weight as per GOST 

25100-95 (GOST 25100-95). This is done because Canadian System of Soil 

Classification does not subdivide coarse sediments. 

Bulk density of Holocene and Pleistocene sediments, measured with a cutting ring, 

ranged between 1.94 and 2.27 g/sm . The estimated dry bulk density of the samples falls 

into the range between 1.16 and 1.97 g/cm3, with the majority of samples ranging 
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between 1.5 and 1.7 g/cm3. Silty and clayey soils have slightly higher field bulk densities 

(between 1.94 and 2.27 g/cm3) than sands and gravels (between 1.93 and 2.14 g/cm3). 

The porosity of the sediments is generally between 30 and 50%, within normal range 

defined for those types of sediments (Fetter, 1994). The range of porosities is narrower 

for sands and gravels and the average porosity for clays and silts is higher. Table 6 

summarizes the values of bulk density and porosity of soil samples. 

4.3 Hydrostratigraphy of the site 

The water table is located in the sandy silts 1-1.5 m below the surface of the lowland, 

sloping downwards towards Lydden Lake, and 2.5 - 3 m deep below the upland. Four 

piezometers (18, 19, 20 and 21) are screened in this layer. The hydraulic conductivity of 

the sandy silt layer measured by slug tests is between 10"7 and 10"8m/sec (Radke et al., 

2001). This unit is considered an aquitard. Figure 14 a shows hydraulic head in this group 

of the piezometers. It can be seen that from late spring untili mid-summer, water levels in 

these piezometers fluctuate, presumably responding to infiltration of snowmelt and 

rainwater. Water levels were higher in September-Novmber 2000 than in the following 

spring. Upward gradient was observed between Piezometer 18 and Piezometer 20 in the 

fall of 2000, but it dissappeared in July 2001. The shallow drive point piezometers could 

have been damaged during the winter and the information collected from these 

piexometers during 2001 might not be reliable. The water levels in Piezometers 18, 20 
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and 21 were at their maximum by July 2001, reached minimum between July and 

September, and started rising again in September of 2001. The fluctuations of the water 

levels are smallest in the shallowmost Piezometers 19 and 20. 

The sand and gravel layers have a combined thickness of 3 to 5 m. The unit is considered 

to be an aquifer. Five piezometers (4, 5, 8 and 10) are screened in this layer. Figure 14 b 

shows the dynamics of water levels. Levels fluctuate through the late spring and summer 

of 2001. The fall water table rise does not occur until October, 2001. During May to mid-

July, 2001, the water level in Piezometer 9 is higher than the water level in the second 

piezometer installed at the same nest (Piezometer 8) screened in underlaying gravel layer. 

That indicates a downward hydraulic gradient through the thin clay lense dividing the 

two layers. During the months of May-July of 2001 the water level continued to drop in 

Piezometer 9, and it was dry from mid-July to late October of 2001. When water re

appeared in Piezometer 9, the water level was lower than in Piezometer 8. This leads to a 

short period of upward flow. The presence of precipitated salts in the soil, overlaying 

gravel layer suggests that this flow reversal occurs on a regular basis over the years. The 

hydraulic conductivity of top sands was estimated by slug tests (Radke et al., 2001) and is 

on the order of 10"3m/sec. 

The unit of mixed sands, silts and clays extends approximately between 660 and 650 m. 

It can be interpreted as an aquitard. Three piezometers (11, 14 and 17) are screened in 
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this unit, at the approximate depth of 10 m. The observations of water levels in deeper 

piezometers (including ones screened at 10 m depth and above 15 m depth) are shown at 

the end of the drilling session (26 July, 2001), before purging the wells (14 August, 

2001), after purging (17 August, 2001) and again on the 7 t h of October, 2001 (Figure 18 

c). Using the method described in Chapter 3 (recovery test interpreted using Hvorslev's 

equation), hydraulic conductivity of this layer was estimated to be on the order of 10" 

m/sec. 

The next unit combines glacio-lacustrine clays and clay tills encountered underneath the 

previous layers. Four piezometers are completed in this layer. Three of them -12, 15 and 

16- are screened at 14.5 to 15.5 m depth and piezometer 13 is screened at 22 m of depth. 

Because these piezometers are deeper than previous group, the possibility of cement 

channeling through the sand screen is increased, due to the increased weight of the 

cement column. Piezometer 12 has a large buildup of silts on the bottom (more than 1 m) 

which was not removed by bailing and purging. As a result, the water level in Piezometer 

12 recovers slower and appears to still be recovering by October the 7 t h , 2001. Because 

some water from a neighboring shallow piezometer was pumped down Piezometer 12 

while trying to develop it, it was not sampled during purging. Silt buildup also changes 

the piezometer construction and makes it unsuitable for the slug test. The Piezometer 13, 

screened at 22 m in depth is flowing. As mentioned in Chapter 2, artesian behavior of 

groundwater is a common feature near hypersaline lakes (Tomkins, 1954). In this case, 
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the clay layer in which Piezometer 13 is screened is possibly underlain by the Pleistocene 

intertill aquifer encountered in Boreholes 24 and 25. Using the method described in 

Chapter 3 (recovery test interpreted using Hvorslev's equation) for Piezometers 15 and 

16 and constant head test for Piezometer 13, hydraulic conductivity of this unit is 

determined to be between 10"7 and 10"9m/sec. 

Piezometers 24 and 25 are screened in Pleistocene tills. The screened intervals coinside 

with the intertill sand lenses (Appendix A) encountered in the exploration boreholes 26 

and 23 respectively. During the summer of 2001, the piezometric suface in Piezometer 25 

fell by almost 30 cm (Figure 14 e and f) . During the same period, the water level in 

Piezometer 24 fell 21 cm. 

The water level distribution indicates that the water levels in all of the piezometers are 

higher than average lake water level (663.2 m) . The groundwater flow is also directed 

upwards. Downward flow is observed only through the top sandy silt unit, indicating 

infiltration to the sand and gravel layer. That is consistent with Lydden Lake being a 

focus of groundwater discharge within the study site. 
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4.4 Geochemical characteristics of pore water measured in piezometers 

Table 7 summarizes the geochemical parameters of the pore water obtained from the 

piezometers. Electrical conductivity of pore water varies significantly in different 

piezometers. The groundwater of the top layers (top silts and sands) have electrical 

conductivity between 1 and 3 mS/cm, while the groundwater of the intermediate aquitard 

has a broader range of pore water conductivity of 3 to 13 mS/cm. Water from the deepest 

piezometers (13, 24 and 25) has a low value of electrical conductivity, below 1.4 mS/cm. 

According to the Rutherford (1966) study in the municipality of Biggar, the groundwater 

tested from the first 60 m of the surface has pH values in the range between 7.9 to 8.25. 

Groundwater tested in this study has comparable values of pH. Piezometers 15 and 17 are 

likely affected by cement grout as indicated by high pH values. Eh of the groundwater 

measured in Piezometers 11, 13, 14 and 15 is above zero and it is below zero in 

Piezometer 17. 

4.5 Groundwater and surface water chemistry and isotope composition 

Table 8 summarizes the results of the groundwater chemistry analysis conducted for this 

study and Rutherford's (1966) data for the neighboring municipalities of Biggar and 

Kindersley. 
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Piper diagrams (Figure 15 a-f) were built using data summarized in Table 8. Samples for 

which the percent error in the cation-anion balance was above 10% (Table 8) were not 

plotted. The presence of nitrates usually accounts for the low negative ion balance 

(Rutherford, 1966). From the full form of chemical analysis (Appendix F), it can be seen 

that samples may also contain some Strontium, Bromine and Lithium (up to 40 mg/L). 

Lydden Lake water (Figure 15 a) composition is Na, Mg-SC>4 and samples of lakewater 

plot between Type 2 and Type 3 areas (Table 2); however the concentration of Lydden 

Lake water far exceeds 1000-5000 mg/L range defined by Rutherford, 1966 for 

groundwater. The water obtained from sediment samples and piezometers varies in its 

chemical composition between Lydden Lake and glacial tills (Figure 15 b-e). Waters of 

all four types are present, with the majority of samples falling into Type 2. Insignificant 

amount of samples belong to Type 1. Four samples from deeper Piezometers 11,13,14 

and 15 (18, 19, 20 and 21 on the Piper plots) and from Piezometers 24 and 25 (23,24 on 

the Piper plots) fall into Type 4, and have ion composition intermediate between waters 

of Cretaceous Formations (Figure 15 f) and lower till drift. 

Thirteen samples, obtained by direct filtering of sediment samples and representing a 

range of electrical conductivity, were chosen for the analysis of 8D °/oo, 8 1 8 0 °/oo and 

8 7Sr/ 8 6Sr. Isotope analysis was also performed for water samples collected from 
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Piezometers 11, 13, 14, 15, 17, 8, 18 and 20 (Table 9) and for a few samples of Lydden 

Lake water. 

The isotope composition of shallow groundwater from springs and seeps along the 

northern shore of the Lydden Lake diffères from the isotope composition on the southern 

shore, possibly indicating inflow of water from Springwater Lake (personal 

communication with C.Holmden and L.Kelley). 

On Figure 16, ÔD %o and ô 1 8 0 7«, are cross-plotted against electrical conductivity. 6 1 8 0 

°/ooand ÔD °/oocontent increase as the electrical conductivity of a sample increases. 

Figure 17 shows the local meteoric water line (LMWL) and 6D %o - 8 1 8 0 °/oo of the 

groundwater. The local meteoric water line is plotted based on an analysis of 

precipitation in the Saskatoon area for the period 1990-1995 (Len Washaar, NWRI, 

unpublished data). Al l shallow groundwater samples, both those obtained from 

piezometers and those, obtained by directly filtering the sediments, seem to fall on the 

L M W L . The sample of groundwater directly filtered from the Sediment Sample 1-6A 

falls farther apart from the L M W L than the rest of the samples. Soil Sample 1-6A was 

collected from Borehole 1, which is situated closest to the lake on Line 1. The isotope 

content of Sample 1-6A falls between the isotope content of the rest of the groundwater 
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samples and that of Lydden Lake water. Lydden Lake water deviates from the L M W L 

due to the evaporative process. 

Lydden Lake water, shallow groundwater (obtained from sediment samples and 

piezometers at the site) and deeper (intertill) groundwater collected from Piezometers 24 

and 25 have different strontium isotope ratios (Figure 18), falling into three distinctive 

groups on the plot. 

4.6 Relation between TDS and sulphate content of groundwater 

The correlation between TDS and sulphate content for groundwater samples at the study 

site was found to be direct (Figure 19) in the TDS content range between 1,600 and 

133,000 mg/L . It can be described by the following empirical relationship: 

TDS=1.4*SO4+400 (11) 

4.7 Relation between TDS and electrical conductivity of pore water 

Pore water with different TDS would have different values of electrical conductivity, the 

latter in its turn defining bulk soil resistivity. 
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Table 10 summarizes data used for derivation of the empirical relationship between TDS 

and EC of sulphate rich water of the area. In this chapter, the term "soil water" is used 

exclusively to describe water obtained from sediment samples by aqueous extraction 

method. Thus, such groundwater is distinguished from groundwater obtained from 

analysis by another methods. Groundwater obtained by those other methods (i.e., samples 

collected from piezometers or water obtained from sediment samples by filtration) is 

referred to as "pore water." 

Chang et al., (1983) obtained an empirical power-law equation describing the relationship 

between TDS (mg/L) and EC at 25 °C (mS/cm) of soil water extracted from sulphate rich 

soils of Alberta for values of EC ranging from 0 to 16 mS/cm: 

TDS = 165.1* EC1087 (12) 

Figure 20 shows the TDS-EC relation of soil water, pore water, Lydden Lake water and 

synthesized brines having the composition of Lydden Lake water. The synthesized brine 

samples were prepared by mixing two end members, one representing Lydden Lake brine 

and the second - the freshwater discharging into the lake. The volumetric concentration 

of each end member is indicated in the name of each sample; index B stands for the 

"brine" end-member and index F stands for the "fresh" end member. For example, 
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200B/F0 indicates that the sample contains straight brine and 0B/F200 includes only 

freshwater member. 

For the purposes of this study, the relationship between EC and TDS has to be defined in 

the TDS range of the groundwater around the site. The empirical relationship was derived 

to fit the curve in the range of TDS values between 0 and 200,000 mg/L, which 

corresponds to range of TDS values of groundwater on the site. 

Figure 20a shows experimental datapoints and the curve defined by the 4 t h order 

polynomial equation (13) describing the relationship between electrical conductivity and 

TDS content and Figure 20b shows experimental datapoints and the curve defined by the 

3 r d order polynomial equation (13a) describing the relationship between TDS content and 

electrical conductivity: 

EC = -1.52*10 - 7 * TDS 4+6.66* 10"5 *TDS 3 -1.10*10 - 2 *TDS 2 + 1.13*TDS (13) 

TDS = 0.0001*EC3+0.0114*EC2+0.8319*EC (13 a) 

where TDS is total dissolved ion content in mg/L and EC is electrical conductivity at 25 

°C in mS/cm. 
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For the soil water extracted from sediments, it was assumed that the TDS of original pore 

water before dilution was directly related to the TDS of the extracted soil water by the 

dilution factor. To estimate the TDS of original pore water, first the EC of diluted soil 

water was measured and converted to TDS by Equation 13a. This was multiplied by the 

dilution factor to estimate the TDS content of undiluted pore water. Finally, using 

Equation 13 (depending on the sample's TDS) once again, the EC of undiluted pore 

water was estimated. 

While the relationship between TDS and EC is established and seems to hold true for 

samples obtained by different methods, extracted soil water may not adequately represent 

in situ pore water, because additional salts may be mobilized during the extraction 

process. Table 11 contains comparison between TDS and EC values for pore water 

obtained from piezometers and soil water from sediment samples at the depth roughly 

corresponding to mid-screen elevations. In two cases, when TDS was obtained from 

directly filtered pore water (2-3B and 3-4A) those values are close to those of the 

groundwater collected in the piezometers. The values of TDS estimated from EC of 

extracted soil water and corrected for dilution exceeds TDS measured on water collected 

from the same sample by direct filtration. In all, but one (sample 7-7B) cases TDS values 

for extracted samples significantly exceed the ones measured in piezometers. 
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Table 12 lists the EC of directly filtered pore water and the EC estimated from extracted 

soil water for nine sediment samples. 

The results in Tables 11 and 12 demonstrate that TDS estimates from soil water corrected 

for dilution are unreliable and generally too large. They are not representative of pore 

water. 

4.8 Density of pore water 

Another water characteristic, which depends upon total dissolved solid content, is water 

density. The increase in TDS leads to an increase in the density of groundwater. The 

relation between density and concentration is commonly represented by (Fan and 

Kahawita, 1994): 

p = p 0(l + eC) (14) 

where 

6 = (pmax - po)/po ( 15) 

where p 0 is a reference density, p m a x corresponds to maximum concentration and C is 

dimensionless concentration that varies between 0 and 1. Artificial brines imitating 

groundwater in the vicinity of Lydden Lake (Hayashi, in submission) were used to 
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calculate parameter e. The density of artificial brine 200B/0F was determined and was 

used 3-S pmax value Reference density po was considered being freshwater density of 1 

g/cm . Concentration of dissolved solids in mg/L was changed to dimensionless 

concentration C by dividing TDS of each sample by TDS of 200B/0F sample. Table 13 

contains measured and estimated density of four samples of artificial brine. Also density 

was estimated using Equations 14 and 15 and compared to its measured value for three 

samples of sodium-sulphate rich water from Texas reported by Wood and Jones (1990). 

There is a good consistency between the measured density of sodium-sulphate brines and 

estimated by Equations 14 and 15. 

4.9 Results of Electro-magnetic surveys. 

On the upland between the lakes, the EM31 readings varied insignificantly, and were in a 

range of 20-30 mS/m (Figure 21). From these background values, the electrical 

conductivity started to increase up to 80 - 100 mS/m when going downhill towards one of 

the lakes, as the water table neared the surface. Along the Lydden Lake shoreline, zones 

of fresh groundwater discharge caused the conductivity values to drop to 40-100 mS/m 

from 200 - 400 mS/m. Conductivity was between 50 to 100 mS/m at the Springwater 

Lake shores, except for the study site. Conductivity value rose to 150-250 mS/m in that 

area. The study site was surveyed with E M 31 in more detail (Figure 22). Electrical 

conductivity decreased away from Lydden Lake, with minor patches of slightly higher 
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conductivity (above 100 mS/m). E M 34 survey, conducted on the study site, overall also 

showed the same pattern of electrical conductivity decreasing away from Lydden Lake 

(Figure 23). However, E M 34 has a greater penetration depth (15 m), than E M 31, so its 

estimate of electrical conductivity for the study site was different. 

4.10 ERT survey results and individual lines description 

Figure 24 shows the location of the ERT lines. The ERT survey was conducted on the 

study site and on a pasture on the northern shore. To characterize the groundwater flow at 

different shore types, the ERT profiles were carried out on both steeply (>5°) and gently 

sloping (<5°) shores of Lydden Lake. Four lines (12,13, 14 and 15) were run where 5-10 

m high steep cliffs forms the shoreline; and five (lines 1, 2, 9, 10 and 11), on the study 

site, that had gentler slope. The elevation of the study site slope gradually increases from 

663 m to 665 m. The shoreline extends for about 500 m within this bay (Figure 3). 

Figure 25 (a-p) shows images obtained from all valid lines, and Table 14 summarizes 

parameters of survey and inversion for each individual line. The key to the surface 

vegetation cover shown on the Figure 25 (a-p) is in Table 15. Al l lines are shown in the 

form of block models. Block format is chosen to show the resulting model without 

interpolation. Al l lines, which were run perpendicular to the lake, are shown with the 

horizontal coordinate starting from the lakeshore. Lines 10 and 11 are shown starting 
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from the East and going West, and Line 14 - from West to East, as they were set up. Al l 

images are shown with no vertical exaggeration. 

Line 1 (Figure 25 (a-c)) starts on the mud flat at a patch of very high EC (>250 mS/m) 

indicated by the EM31 survey. The first 20 m Line 1 was on the mudflat, consisting of 

sands and mud in near quick conditions and salt precipitation on the surface. The next 15 

m, the line was on shallow marsh covered with grass tufts and puddles of water between 

them. At 35 m the ground elevation rose 30-40 cm and low thick bushes of wolf willows 

started to cover the ground. At 100 m, the vegetation changed to localized shrubs. 

Two different array types with different separation values were used to survey Line 1 

(Table 14). A l l three images obtained along Line 1 showed an elongated low resistivity 

zone (resistivity below 6 Q-m), continuous between 0 m and 100 -120 m. The low 

resistivity zone started from the surface at the lakeshore, and at 20 m its top boundary 

declined and stayed at elevation of 660 m. A layer of higher resistivity (6-10 Q-m) 

occurred on the images with 2 m separation (Figure 25 b) between 660 and 663 m of 

elevation at the beginning of the line. Layers with resistivity above 10 £2-m surround the 

low resistivity feature. 

Line 2 (Figure 25 (d,e) started at the shore where there was no extensive mudflat, but a 

shallow marsh with freshwater vegetation was present. The marsh extended about 30 m. 
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where thick bush and grasses started to cover the ground. Line 2 ended at the foot of a 

mound of the soil removed from a dug-out. Two different array types with the same 

separation value (4 m) showed similar images with low resistivity zone (below 6 Q-m) at 

the same depth range (between 660 and 645-650 m of elevation) as Line 1. However, it 

only extended for 80 m. At the beginning of Line 2, the low resistivity zone starts at a 

depth of 5 m, and is overlain by a higher resistivity zone. 

On Line 9 (Figure 25 (f,g)) mudflat extends for about 15 m, consisting of coarse sand 

with some gravel and pebbles, covered with precipitated salts. Shallow marsh covered 

with grass and standing (surface) water continued from 15 to about 60 m. Between 60 

and 120 m Line 2 was on a small depression with salt precipitation on the surface and 

poor vegetation growth. At 120 m bushes and healthy looking grasses reappear. The low 

resistivity zone (below 6 Q-m) along Line 9 had a complex structure, divided into two 

distinctive zones. The patch of salinized soils (60-120m) corresponds to the second low 

resistivity zone. Maximum and minimum subsurface resistivity models (Chapter 3) were 

very similar to each other (Figure 25 (g)), indicating that the two distinctive zones were 

likely to be real. 

Lines 10 and 11 (Figure 25 (h,i)) were parallel to Lydden Lake shore and crossed lines 

1,2 and 9. The lines were 3-6 m away from each other and started on the hill, covered 

with thick bush. The salinized patch extended from 50 to about 100 m indicated by poor 



78 

vegetation growth and salt precipitation on the surface. Salinized soil was bordered by 50 

m stretch of wolf willow bushes. After that, the line was on marshy land with grass tufts. 

At 200 m the marsh changed to bushes again. Image obtained along Line 10 shows a 

zone of lower resistivity at the same elevation and in the same resistivity value range as 

along Lines 1,2 and 9. This zone was visible along Line 11 that was run farther inshore, 

but appeared to be smaller, as a result of the low resistivity zone thinning out away from 

the lake. 

Line 12 (Figure 25 (j,k)) started on a little marsh with low values of shallow subsurface 

conductivity (90 mS/m) indicated by E M 31. At 10 m Line 12 was on the shore slope 

(30°) covered with grass, changed at 30 m by farmer's pasture. The low resistivity zone 

(below 6 £2-m) was between 660 and 640 m of elevation at the beginning of the line. It 

appeared on both minimum and maximum models. Because the model's block size is 

large at the corners of the image, only the maximum extent of this zone can be suggested. 

It did not appear to advance past the slope break. There was much more uncertainty 

concerning the central part of the image, because resistivity of the subsurface changed in 

a broad range from 4-15 £l-m to 15-100 £2-m. 

Line 13 (Figure 25 (l,m)) was on a long, rising slope of about 12° angle. The low 

resistivity zone was adjacent to the lake between 655 and 640 m of elevation. The 

maximum model for this line suggested that zone of low resistivity (below 6 Q-m) was 
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separateci from the corner block and continues far inshore. However, the minimum model 

suggested resistivity between 10 and 70 Q - m in the central part of the profile. The low 

resistivity zone adjacent to the lake appeared on the both minimal and maximal models, 

indicating that it was likely to be real. 

Line 14 (Figure 25 (n)) was parallel to the northern shore of Lydden Lake. It was placed 

as close as possible to the cliff to image any possible fingering of the low resistivity zone. 

The line had crossed a dry valley between 160 and 240. Some willow and aspen trees 

grew in the valley. The remainder of the line was on the pasture. The stoniness of the 

pasture is high. The line crossed couple boulder piles originating from surrounding fields, 

which appeared on the images as shallow zones with resistivity above 70 £2-m. The 

image obtained along Line 14 has two anomalies, with resistivity between 4 and 7 Q-m 

in the elevation range between 660 and 640 m. 

Line 15 (Figure 25 (o,p)) started on the southern shore of Lydden Lake in a marsh 

covered with freshwater vegetation. The line continued for 15 m on an 18° steep slope, 

covered with bushes. After climbing the slope, Line 15 was on flat upland portion of the 

pasture, covered with grasses and bushes. The line ended near an artificial dug-out. The 

image showed few separate zones of low resistivity (below 6 Q-m) at the elevation range 

between 660 and 640 m. These zones are visible on both minimum and maximum 
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models, though their extent varies. Some low-resistivity zones were significantly farther 

from the lake, than those observed earlier on Lines 1,2 and 9. 

4.11 Line intersections and quality of datasets. 

Table 14 summarizes the individual lines set-up and inversion results. The best fit of 

resistivity model, with the RMS error below 1.5% is achieved for Wenner arrays at 2 or 4 

m separations on the lines perpendicular to the shore and crossing simple landscape (<5°). 

For the repeat lines done with dipole-dipole array the fit of resistivity model is worse 

with RMS error increase up to 8.7%. Lines run parallel to Lydden Lake have higher RMS 

errors associated with them than lines run perpendicular to it. The effects of the saline, 

low-resistive water body possibly are higher for the lines running parallel to the Lydden 

Lake shoreline. The quality of collected datasets decreases even further once the 

topography becomes more complicated (Lines 12-15). The error of the inverted model 

fitting into data (RMS error) rises to a maximum of 12%. Strong topographical features 

(Tong and Yang, 1990) are known to reduce the quality of resistivity surveys. The 

topography model incorporated into the Res2Dinv software (Loke, 1999) reduces this 

problem, but does not eliminate it. Some modeled points on lines 12-15 had a high degree 

of misfit (over 100% RMS error). Because the number of these points was small, they 

were removed from dataset. 
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A comparison of maximum and minimum models (Figure 25 (g,k,m,p)) shows that when 

RMS of the fit is low, the uncertainty is low. Maximum and minimum extent features can 

vary significantly on images with higher values of RMS. 

Figure 26 (a-e) show the intersection of ERT lines. This comparison may suggest true 

extent of some features and serve as quality control of datasets. 

In the following discussion, ERT lines are called perpendicular or parallel depending on 

their orientation with the respect to the Lydden Lake shoreline. A l l the compiled cross-

sections on Figure 26 (a-e) are organized in the same manner. Perpendicular lines border 

the parallel ones. The farthest left perpendicular line on each cross-section is shown from 

the beginning of the line (lake front) to the point of intersection with the parallel line. The 

farthest right perpendicular line on each cross-section is shown from the intersection with 

parallel line to some distance away. For the parallel lines the only section shown is the 

one between intersections with perpendicular lines. Al l images are represented in the 

form of block models. Vertical and horizontal scales of intersecting lines are adjusted to 

be the same. 

For Lines 12-14, the fit is better between Line 14 and 12 than between Line 13 and 14 

(Figure 26, a). It appears that the extent of the low resistivity zone is exaggerated on Line 

13, compare to Line 14, because the data control is poor at the ends of lines, due to the 
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lack of data points. A low-resistivity zone east of this intersection suggests that low 

resistivity zone can be fingering farther inshore at the different portion of the shoreline. 

Resistivity values agreement on the intersection of Lines 14 and 12 declines with depth, 

because of decreasing amount of data points leading to poor data control. 

Intersections between Lines 2 and 10 and between Lines 9 and 10 on the southern shore 

suggest that smoothing causes smearing of margins of very high and very low resistivity 

zones. 

The inconsistencies in the resistivity value can be associated also with violation of the 

two dimensional assumptions of the model, due to the influence of the large body of low 

resistivity (Lydden Lake). Lines run perpendicular to it will be less affected, than lines 

run parallel. 

4.12 Some generalizations on ERT survey results 

The images from the profiles run perpendicular to the shoreline show a zone of low 

resistivity (below 6 Q-m) starting from the lake's margin and extending inshore (Lines 

1,2,9,12,13 and 15). In some cases, this zone extends more than 100 m inshore (Lines 1, 

2 and 9). The resistivity values near the shore and at 5 - 25 m depths are consistently 

below 5 Q-m while the background resistivity values exceed 10 Q.-m. The ERT lines 
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parallel to the shore confirm the observations made on the extension of the low resistivity 

zone along the lines perpendicular to the shore, showing patches of low resistivity 

possibly consistent with fingering or inversion errors due to 3-D effects. 

4.13 Laboratory measurements of bulk soil resistivity 

Laboratory-measured bulk soil resistivity distribution with elevation for Boreholes 1 

through 3, located on Line 1 is shown in Figure 27 (a), and for Boreholes 6/7 and 9, 

located on Line 15 is shown on Figure 27 (b). The sediment bulk soil resistivity profiles 

along Line 1 start with high values of bulk soil resistivity (40-20 Q-m) for the first 1-2 

m; then, resistivity drops to 10-15 Q-m in the elevation interval between 662 and 664 m. 

Another interval of high resistivity (between 70 and 110 Q-m) is observed in 663 - 660 

m of elevation range. Between 660 and 655 m of elevation, the three logs differ from one 

another in behavior. Resistivity is the lowest (around 1 Q-m) in this interval for Borehole 

1 and is slightly higher (3-5 Q-m) for Borehole 2. For both Boreholes 1 and 2, resistivity 

gradually increases to 10-20 Q-m in the elevation interval between 655 and 640 m. Bulk 

soil resistivity in Borehole 3 fluctuates around 15 Q-m for the whole elevation interval 

between 660 and 640 m. No significant drop in resistivity occurs between 663 and 660 m 

of elevation, as in Boreholes 1 and 2. 
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Bulk resistivity for Boreholes 6/7 and 9 has a similar pattern to Boreholes 1-3 in the top 

section. The resistivity of top samples (within first 2 m) is very high, from above 100 to 

50 Q-m and than it drops to about 15 Q-m in Borehole 6/7 and to 5 Q-m in Borehole 9. 

At about 663 m of elevation, resistivity jumps to about 90 Q-m in Borehole 9, but rises 

only slightly (to 20 Q-m) in Borehole 6/7. Below 660 m the values of bulk soil resistivity 

in Boreholes 6/7 and 9 are similar to those of Borehole 3: they fluctuate between 10 and 

15 Q-m. One sample from Borehole 9 exhibits very high resistivity at the elevation about 

652 m. 

When bulk soil resistivity is low (below 3 Q-m), resistivity values of the neighboring 

sediment samples are closer to each other. It was shown that bulk soil resistivity greatly 

depends on soil water conductivity. Resistivity values of each individual sample become 

more sensitive to differences in soil composition when pore water conductivity decreases. 

Very high values of bulk soil resistivity in coarse non-cohesive sediments also may be 

due to partial loss of pore water by the sediments and entrapped air when the sediments 

were loaded in the cell. 

4.14 Conclusions 
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Quaternary sediments ranging from gravel to clays extended up to the maximum depth of 

investigation. The bedrock encountered in Boreholes 22 and 23 consisted of Cretaceous 

shales. Top 25 m of sediments around Lydden Lake can be subdivided into four 

hydrostartigraphic units: a silty aquitard, sand and gravel aquitard, heterogeneous 

aquitard and clay aquitard. 

Geophysical surveys revealed an area of low resistivity extending from Lydden Lake 

inshore. It was shown that low resistivity of sediments can be due to pore water of high 

salinity present in the sediments. 

Quality of resistivity images varies and the some features can be artifacts because of the 

topographical and three-dimensional effects. The resistivity values at the intersections of 

different lines have better consistency when both images are of better quality. 

Physical (such as density and electrical conductivity) properties and chemical 

composition of groundwater and lake water of the area were characterized. 

The empirical relationships connecting TDS and EC of sulphate-rich lake water and 

groundwater in the area was developed. Bulk electrical resistivity of sediments was 

measured in the laboratory. It was observed that the TDS content of soil water obtained 
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by aqueous extractions method was not representative of pore water obtained from 

piezometers or by direct nitrations. 



Table 4. Mean carbonate content of tills in the study area (from Christiansen, 1992) 

Group Formation 
Mean Carbonate 

Content 
Standard 
Deviation Group Formation 

mL/C0 2 /g mL/C0 2 /g 

Saskatoon Battleford 25.6 4.8 Saskatoon 
Floral 35 8.6 

Sutherland 
Warman 12.6 2.4 

Sutherland Dundurn 22.9 1.8 Sutherland 
Mennon 14.3 6.3 
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Table 5. The results of Mastersizer particle size analysis and visual field description for 
selected samples. Mastersizer tends to overestimate the amount of coarser fractions, 
compare to the traditional methods (settling tubes or sieves) on which the existing soil 
classification is used. 

% of the Fraction by Volume 
% of the 

Fraction by 
Weight 

C L A Y SILT SAND SAND and 
GRAVEL 

Sample # <0.002 0.002-0.05 0.05-2 from Sieves Soil Name 
Name on Cross-section 

1-11.-1 19.596 71.9 8.504 1.930 Silt Loam Clay 
1-11.-2 20.397 67.658 11.945 1.930 Silt Loam Clay 
1-12.-1 22.182 61.134 16.684 0.820 Silt Loam Till 
1-12.-2 24.952 63.197 11.851 0.820 Silt Loam Till 
1-2A-1 4.772 34.651 60.577 0.280 Sandy Loam Medium Sand 
1-2A-2 6.083 36.542 57.375 0.280 Sandy Loam Medium Sand 
1-5A-1 0.418 43.138 56.444 0.390 Sandy Loam Silt 
1-7.-1 16.518 77.718 5.764 0.130 Silt Loam Silt 
1-7.-2 14.969 80.792 4.239 0.130 Silt Loam Silt 

2-11A-1 19.136 73.192 7.672 0.000 Silt Loam Clay 
2-11A-2 23 72.159 4.841 0.000 Silt Loam Clay 
2-15B-1 2.945 44.268 52.787 2.580 Sandy Loam Till 

2-15B-l-r 3.294 42.256 54.450 2.580 Sandy Loam Till 
2-15B-2 3.019 42.072 54.909 2.580 Sandy Loam Till 

2-15B-2-r 0.81 32.927 66.263 2.580 Sandy Loam Till 
2-2B-1 0.1 5.988 93.912 0.340 Sand Medium Sand 

2-2B-l-r 0.099 6.676 93.225 0.340 Sand Medium Sand 
2-2B-2 0.102 7.229 92.669 0.340 Sand Medium Sand 

2-4A-1-1 0.028 5.291 94.681 72.910 Gravel* Coarse Sand to Gravel 
2-4A-2-1 0.021 4.003 95.976 62.140 Gravely Sand* Coarse Sand to Gravel 
2-9B-1 0.398 43.098 56.504 0.030 Sandy Loam Fine Sand to Sandy Silt 
2-9B-2 0.422 44.133 55.445 0.030 Sandy Loam Fine Sand to Sandy Silt 
3-1A-1 8.531 60.498 30.971 0.140 Silt Loam Fine Sand to Sandy Silt 
3-1A-2 8.589 60.437 30.974 0.140 Silt Loam Fine Sand to Sandy Silt 
3-2A-1 0.612 18.773 80.615 0.050 Loamy Sand Fine Sand to Sandy Silt 
3-2A-2 0.639 20.058 79.303 0.050 Loamy Sand Fine Sand to Sandy Silt 
3-3 A-1 0 0.125 99.875 28.720 Sand Medium Sand 

3-3A-l-r 0 1.939 98.061 28.720 Sand Medium Sand 
3-5A-1 23.754 70.066 6.180 0.000 Silt Loam Silt 
3-5A-2 24.252 70.123 5.625 0.000 Silt Loam Silt 
3-9 A-1 0.216 33.412 66.372 0.000 Sandy Loam Medium Sand 
6-1 A-1 0.051 34.147 65.802 0.190 Sandy Loam Medium Sand 
6-1A-2 0.054 32.767 67.179 0.190 Sandy Loam Medium Sand 
6-2A-1 0.361 28.875 70.764 0.330 Loamy Sand Medium Sand 
6-2A-2 0.352 29.556 70.092 0.330 Loamy Sand Medium Sand 
6-3 A-1 9.877 40.176 49.947 7.940 Loam Fine Sand to Sandy Silt 
6-3A-2 10.348 41.581 48.071 7.940 Loam Fine Sand to Sandy Silt 
6-4 A-1 7.574 32.544 59.882 3.650 Sandy Loam Medium Sand 
6-4A-2 8.357 32.367 59.276 3.650 Sandy Loam Medium Sand 
6-4B-1 0.313 12.523 87.164 19.920 Sand Coarse Sand to Gravel 
6-4B-2 0.237 9.208 90.555 19.920 Sand Coarse Sand to Gravel 
7-6B-1 8.089 86.756 5.155 0.730 Silt Clay 
7-6B-2 10.385 86.687 2.928 0.730 Silt Clay 
7-9 A-1 0.732 67.274 31.994 1.150 Silt Loam Silt 
7-9A-2 0.714 66.484 32.802 1.150 Silt Loam Silt 
9-1A-1 0.04 48.466 51.494 0.050 _̂ Sandy Loam Medium Sand 
9-1A-2 0.054 49.19 50.756 0.050 Sandy Loam Medium Sand 
9-2A-1 0.464 42.78 56.756 0.000 Sandy Loam Silt 
9-2A-2 0.476 42.599 56.925 0.000 Sandy Loam Silt 
9-4B-1 18.412 78.36 3.228 0.000 Silt Loam Clay 
9-4B-2 18.912 71.141 9.947 0.000 Silt Loam Clay 
9-5B-1 0.182 21.515 78.303 0.180 Loamy Sand Medium Sand 



89 

Table 6. Descriptive statistics for bulk density and porosity of soil samples 

Statistical paremeter 

Bulk density, g/cm Porosity, % 

Statistical paremeter 
Sands and 

Gravels 
Clays and Silts 

Sands and 
Gravels 

Clays and Silts 

Mean 2.06 2.07 36.42 38.01 
Standard Error 0.01 0.02 0.50 0.81 
Median 2.05 2.06 36.32 38.23 
Mode 2.05 2.11 
Standard Deviation 0.06 0.08 1.79 3.70 
Minimum 1.93 j 1.94 32.77 30.57 
Maximum 2.14 2.27 38.87 45.17 
Count 18 27 13 21 

Table 7. Some geochemical parameteres determined for pore water from piezometers 

Piezometer 
Electrical 

Conductivity, 

25°C, mS/cm 
pH Eh 

11 12.68 7.60 74.0 
13 1.44 7.42 124.5 
14 4.40 7.21 135.0 
15 2.99 8.90 70.0 
16 4.84 NM NM 
17 7.46 8.79 -46.0 
18 2.9 NM NM 
19 2.7 NM NM 
21 2.9 NM NM 
4 1.96 NM NM 
5 1.38 NM NM 
8 2.49 NM NM 
9 2.54 NM NM 
10 3.52 NM NM 
24 1.212 NM NM 
25 1.005 NM NM 

NOTE: NM-not measured 
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Table 8. Major ion chemistry of groundwater samples and Lydden Lake water collected 

in this study (1-38) and major ion chemistry of groundwater samples in the study area 

(39-61) adapted from Rutherford (1966) 

Sample t o n 
Piper plot 

Den crip lion 
Samp fe/Ptezo meter 

name 
Cakjìum. 

mg/L 
Magnesium. 

mg/L 
Sodium, 

mg/L 
Potassium, 

mg/L 
Bicarbonate. 

mg/L 
Carbonate, 

mg/L 
Sulfate. 

mg/L 
Clitoride. 

mg/L 
loo Balance 
&ror 

Electrical 
Conductivity, 

MS/cm 
pH 

1 Lydden Lake water sanate LL1 436 9720 2991X1 457 508 262 103000 2340 4.23% NM NM 

2 Lydden Lake water sample LL2 329 14000 16300 876 1680 20 79800 4540 -4.48% NM NM 

3 Lydden Lake water sample 113 664 24900 40900 1440 930 821 176000 6950 0.16% NM NM 

4 Lydden Lake water sarrpfa L U 529 25200 34300 1380 2820 0 158000 7850 -1.93% NM NM 

5 Lydden Lake water sampfe LL5 538 27200 55000 1810 3290 0 215000 86 -3.74% NM NM 

6 Lydden Lake water sample LL6 363 39800 65700 2290 4560 0 282IXXI 79 -4.36% NM NM 

7 Lydden Lake water sample LL7 455 2860(1 58100 1590 3270 0 226000 86 -3.80% NM NM 

8 Lydden Lake water sample LL8 230 26600 76400 1620 2680 74 266000 79 0.42% NM NM 

9 Lydden Lake water sample LL9 414 17(01 63000 2770 3920 0 251000 14600 -3.03% 27215 NM 

10 Lydden Lake water sample LLIO 113 41500 79WÏ) 4880 488 3000 300000 25500 0.83% 47469 NM 

H Lydden Lake water sample LUI 78 11300 2471») 958 3(.1 172 K77(X> 4780 -2.68% NM NM 

12 Piezorreterai the study site 4 199 455 576 25 501 0 3020 40 -1.14% 1960 NM 

13 Piezometer at the study site S 204 378 420 19 492 0 2380 38 -2.27% 1380 NM 

14 Piezometerat the siu.lv site 18 193 233 235 17 421 0 1450 41 -3.06% NM NM 

IS 
Pk an me ter at the study sue 

18 212 245 242 16 440 0 1540 43 -2.90% 2689 NM 

16 Para)meter at the study site 19 2111 243 247 24 600 0 1540 38 348% 2520 NM 

17 Piezometer at the study «ite 20 19(. 235 230 16 425 0 1460 35 -3.05% NM NM 

18 Piezometer at the study site 11 419 127(1 1830 50 612 0 8840 291 -1.92% 12680 7.60 

19 Piezometer at the study site 13 75 82 143 6 483 0 411 6 -126% 1440 7.42 

20 Piezometer at the study site 14 449 3(13 186 18 493 0 2490 75 -4.09% 4400 7.21 

21 Piezometer at the study site 15 141 119 449 48 149 0 1550 50 -4.01¾ 2990 8.90 

22 Piezometer at the study site 17 302 620 1320 39 428 0 5140 226 -3.38% 7460 8.79 

23 Deep piezometers 24 37 14 228 4 482 0 231 4 -1.55% 1212 NM 

24 Deep piezometers 25 64 30 121 5 432 0 185 4 -0.11% 1005 NM 

25 core sample 1-3A 245 263 338 41 256 0 1590 294 -8.81¾ NM NM 

26 core sample I - M 574 13290 20861 612 828 0 94706 2630 0.72% NM NM 

27 core sample 2-2B 147 190 237 28 86 0 1246 22 -21.41% NM NM 

28 tore sampfc 2-IB 195 215 201 19 370 0 1390 28 -2.17% NM NM 

29 core sample 2-5B 469 7187 9400 149 777 0 47794 81» 0.34% NM NM 

30 core sample 2-9A 156 461 734 30 96 0 3529 104 -0.50% NM NM 

31 core sample 3-2B 126 136 169 17 394 0 809 14 -6.59¾ NM NM 

Sample # on 
Piper pkit 

Description 
Samp le/Pie zo meter 

name mg/L 
Vlagnesiinx 

mg/L 
Sodium, 

mg/L 
Potassium, 

mg/L 
bicarbonate, 

mg/L 
Carbonate, 

mg/L 
Sulfate. 

mg/L 
Chloride, 

mg/L 
Ion Balance 

Electrical 
Conductivity, pH 

31 core sample 3-2B 126 136 169 17 394 0 809 14 -6..59¾. NM NM 

32 core sample 3-4A 97 148 205 28 265 0 980 28 -4.44% NM NM 

33 core sample 3-8A 492 517 727 36 182 0 4453 135 -0,10% NM NM 

34 core sample 3-10. 478 1007 1309 42 327 0 7766 190 4.48% NM NM 

35 core sanale 6-3B 255 501 662 29 430 0 3540 56 -1.17% NM NM 

36 core sample 9-3A 203 396 442 21 411 0 2580 37 -1.57% NM NM 

37 core sample 9-4A 289 439 547 42 291 0 3333 48 0.18% NM NM 

38 core sample 9-6A 393 1204 2662 60 446 0 10698 217 0.09% NM 8.25 

39 Upper Qacial drift UC1 87 27 8 4 291 0 95 4 -1.74¾ NM 7.90 

40 Upper Claeial drill UG-2 99 27 13 6 283 0 80 21 -13.22* NM 8.11 

41 Upper Uncial drift UG-3 168 137 44 170 611 0 186 144 -44.43% NM 8.17 

42 Upper Caacial drift UG4 44 44 31 2 288 0 102 8 -2.12% NM 7.61 

43 Upper dacia 1 drift UG-5 112 55 13 4 440 0 65 25 -16.20% NM 7.49 

44 Upper dacia 1 drift UG6 141 96 71 5 549 0 370 24 -4.95% NM 8.12 

45 Upper dacia 1 drift UG7 86 62 50 4 360 24 162 30 •6.87% NM 8.05 

46 Lower dacia 1 drift LG1 136 43 21 5 351 0 255 6 -1.25% NM 8.15 

47 Lower Qacial drift IX* 2 277 129 153 9 481 0 IMO 9 -0.32% NM 7.90 

48 Lower Qacial drift LG-3 274 100 110 8 403 0 968 11 0.70% NM 8.00 

49 Lower Qacial drift LG-4 100 59 26 6 398 0 220 4 0.80% NM K 15 

50 Lower dacia! drift L G 5 195 115 36 7 408 0 237 92 -47.36% NM 8.00 

51 Lower Qacial drill LG6 171 56 15 8 323 0 123 164 -19.17% NM 8.10 

52 Lower Qacial drift LG7 107 47 18 6 442 0 149 3 2.60¾ NM 8.28 

51 Lower Qac ia Id rift LG-8 69 60 58 6 589 0 52 9 -0.55% NM 7.85 

54 Lower Qacial drift LG-9 489 389 730 18 842 0 2490 489 -1157¾ NM 7,90 

55 Bearpaw B-l 378 208 252 20 622 0 1660 53 -2.60% NM 8.00 

56 Bearpaw B-2 164 54 302 9 458 0 900 9 1.92% NM 732 

57 Bearpaw B l 203 227 782 7 978 0 2120 51 -2.24% NM 6.51 

58 Bearpaw 377 892 1110 33 204 0 6050 247 -3.68% NM 8.65 

59 Judith River JR-1 13 5 530 5 452 57 695 23 0.74% NM 8.20 

60 Judith River JR-2 84 32 31» 7 499 0 573 13 2.10% NM 7.55 

61 fed il h River JR. 3 86 76 1325 8 881 0 2315 205 0.03% NM NM 

http://siu.lv


Table 9. Isotope composition and electrical conductivity of pore water collected by 

gravity drainage from sediment samles, from piezometers and Lydden Lake water 

Sample ID d2HH2o a 0H2o "'Sr/̂ Sr EC, mS/cm 
1-2B -147 -19.2 NM 2.87 
1-6A -140 -14.3 NM 62.49 
2-2B -153 -21.2 NM 2.32 
2-3 A -138 -18.9 NM 2.71 
2-5B -136 -17.8 NM 44.62 
3-3A -146 -19.6 NM 2.10 
3-6A -145 -19.1 NM 6.90 
3-8A -152 -18.8 NM 5.66 
3-10 -147 -19.2 NM 11.82 
9-5B -154 -19.8 NM 6.71 
9-6B -150 -18.8 NM 14.70 
2-1 OB -143 -18.5 NM 17.18 
2-9A -142 -17.8 NM 17.39 

Piezometer 13 -158.1 -19.4 0.710375 1.44 
Piezometer 11 -145.0 -18.7 0.710355 12.68 
Piezometer 14 -154.5 -19.3 0.710417 4.40 
Piezometer 15 -152.8 -18.9 0.710036 2.99 
Piezometer 17 -148.0 -18.7 0.710441 7.46 
Piezometer 18 NM -19.6 0.710602 2.69 
Piezometer 18 -158.0 -19.5 0.710611 2.69 
Piezometer 19 NM -19.3 0.710529 2.80 
Piezometer 20 -158.4 -19.5 0.710585 NM 
Piezometer 21 NM -19.6 0.710589 2.88 
Lydden Lake -103.8 -7.4 0.709555 NM 
Lydden Lake -99.4 -8.6 NM NM 
Lydden Lake -101.2 -8.3 0.709550 NM 
Lydden Lake -83.9 -3.3 NM NM 
Lydden Lake -86.1 -5.6 NM 79.54 
Lydden Lake -87.1 -4.2 0.709545 76.37 
Lydden Lake -87.2 -3.5 0.709566 78.40 
Lydden Lake -88.5 -3.9 0.709545 73.96 
Piezometer 25 NM -20.9 0.708546 1.21 
Piezometer 24 -166.3 -20.9 0.708160 1.01 
Piezometer 4 NM -19.9 0.710317 3.52 
Piezometer 8 -160.9 -20.2 0.710444 2.49 
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Table 10. Total dissolved solids content and electrical conductivity of pore water 

collected by gravity drainage and from piezometers, Lydden Lake water and artificial 

brine simulating composition of groundwater in the study area . 

TDS estimated EC Sample ID Sample description from sulphate EC 

mg/L mS/cm 
1-5A Pore or soil water from core 32,905.20 28.72 
1-6B Pore or soil water from core 36,137.80 29.70 
1-10. Pore or soil water from core 1,322.60 1.55 
2-2A Pore or soil water from core 1,293.20 1.48 
2-3B Pore or soil water from core 2,346.00 2.68 
2-4A Pore or soil water from core 793.40 0.81 
2-6A Pore or soil water from core 18,528.60 16.48 
2-11A Pore or soil water from core 1,752.40 1.99 
2-15B Pore or soil water from core 1,224.60 1.30 
3-2A Pore or soil water from core 1,217.60 1.41 
3-9B Pore or soil water from core 4,005.00 4.30 
6-IB Pore or soil water from core 7,255.80 7.18 
6-4B Pore or soil water from core 2,271.80 2.45 
7-7B Pore or soil water from core 1,063.60 1.34 

7-11A Pore or soil water from core 783.60 0.66 
9-IB Pore or soil water from core 6,772.80 6.51 

9-10A Pore or soil water from core 929.20 0.87 
Piezometer 11 Pore water from piezometer 13,300.00 12.68 
Piezo meter 17 Pore water from piezometer 1,210.00 1.44 
Piezometer 14 Pore water from piezometer 4,210.00 4.40 
Piezometer 15 Pore water from piezometer 2,510.00 2.99 
Piezometer 16 Pore water from piezometer 8,080.00 7.46 

200B/0F Artificial brine 132,944.42 63.32 
150B/50F Artificial brine 100,283.12 55.79 
100B/100F Artificial brine 67,621.82 43.44 
50B/150F Artificial brine 34,960.52 26.45 
20B/180F Artificial brine 15,363.75 13.88 
10B/190F Artificial brine 8,831.49 8.92 
0B/200F Artificial brine 2,299.23 3.07 

LL-1 Lydden Lake Water 373,000.00 79.54 
LL-2 Lydden Lake Water 455,000.00 69.01 
LL-3 Lydden Lake Water 366,000.00 75.34 
LL-4 Lydden Lake Water 382,000.00 75.64 
LL-5 Lydden Lake Water 186,000.00 76.37 
LL-6 Lydden Lake Water 192,000.00 78.40 
LL-7 Lydden Lake Water 157,000.00 73.96 
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Table 11. The comparison between TDS of pore water obtained from piezometers or by 

gravity drainage and soil water obtained by aqueous extractions from sediment samples. 

Piezometers Soil Samples and Extracted Pore Water 

Pezometer 
Mid-screen 

elevation 

Electrical 
Conductivity @ 

25 C 
TDS 

Sample 
Sample 

elevation 
Dilution 
Factor 

Corrected 
Electrical 

Conductivity 
@ 25 C 

Corrected 
TDS 

TDS real (for 
samples which were 
analyzed and than 

extracted) 
Pezometer 

m mS/cm mg/L 

Sample 

m 

Dilution 
Factor 

mS/cm mg/L mg/L 
11 654.97 12.68 13 300 2-6B (clay) 656.13 4.50 36.5 50382.1 
13 644.25 1.44 1 210 2-15 B (clay) 644.70 6.24 7.30 6859.80 
14 654.80 4.40 4 210 3-8A(sand) 654.73 4.23 8.20 7814.50 
15 649.14 2.99 2510 3-1 IB (clay) 649.40 4.38 6.50 6066.50 
17 656.20 7.46 8 080 7-7B (clay) 656.99 4.36 5.3 4937.9 
4 660.49 1.96 2780.00 2-3B (sand) 661.46 1.00 2.60 2314.30 
5 660.61 1.38 1640.00 3 - 4A(sand) 660.83 3.87 3.10 2832.6 1750.6 
8 660.57 2.49 3930.00 9-4A(sand) 661.62 7.12 7.70 7336.60 
10 661.00 3.52 4820.00 6-4B(gravel) 661.56 5.10 11.0 10748.7 

Table 12. The comparison between TDS of soil water obtained by aqueous extractions 

and TDS of pore obtained by gravity drainage (real TDS) from the same sediment 

samples. 

Sample 
Dilution 
Factor 

Electrical 
Conductivity of 
Extracted Soil 
Water @ 25°C 

TDS Real 

TDS 
Calculated 

from EC Value 
after Extraction 

TDS 
Corrected 
for Dilution 

Factor 
Sample 

Dilution 
Factor 

mS/cm mg/L mg/L mg/L 
2-2B (sand) 4.12 0.90 1956.40 758.00 3123.77 
2-5B (sand) 3.90 17.93 66584.00 19155.30 74689.38 
3-4A (sand) 3.87 0.87 1750.60 732.40 2832.38 
3-8A (sand) 4.23 2.15 6541.70 1845.70 7814.37 
9-4A (sand) 7.12 1.22 4988.40 1029.90 7336.88 
9-6A (sand) 4.12 5.01 15679.80 4461.80 18364.80 
9-3A (silt) 4.13 2.95 4090.00 2558.10 10559.01 
6-3B (silt) 4.27 1.51 5473.00 1285.50 5488.85 

3-2B (sand) 3.96 0.73 1665.00 611.50 2421.29 
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Table 13. Measured and estimated by Equations 14 and 15 density of artificial brines, 

imitating groundwater in the study area. 

Sample ID TDS 
Measured 

Density 
Estimated 
Density 

mg/1 g/cm3 g/cm3 
200B/0F 132944 1.106 1.106 
150B/50F 100283 1.080 1.080 
100B/100F 67622 1.051 1.054 
50B/150F 34961 1.030 1.028 

Rich Lake* 29400 1.025 1.023 
Rich Lake* 35100 1.030 1.028 
Mound Lake* 4780 1.002 1.004 

• - Data from Wood and Jones, 1990 



Table 14. Parameters used in setting up and inverting ERT lines 

Line 
Orientation with 

regard to the lake Type of Array 
Separation between 

neighboring electrodes, 
m 

Elevation 
Interval, m 

1 perpendicular Wenner 4 665-615 
1 perpendicular Wenner 2 665-640 
1 perpendicular Dipole-dipole 2 665-652 
2 perpendicular Wenner 4 665-630 
2 perpendicular Dipole-dipole 4 665-625 
9 perpendicular Wenner 4 665-615 
10 parallel Wenner 4 665-620 
11 parallel Wenner 4 665-620 
12 perpendicular Wenner 6 670-610 
13 perpendicular Wenner 5 670-620 
14 parallel Wenner 5 667-610 
15 parallel Wenner 4 670-610 

Line Topography 

Number of 
Iterations to 
reach 1% 
difference 

between two 
subsequent 
iterations 

Final RMS error, % 

RMS 
error 

editing 
cut-off 

1 simple 7 1.4 not edited 
1 simple 10 1.1 not edited 
1 simple 8 5.2 not edited 
2 simple 9 1.3 not edited 
2 simple 7 8.7 not edited 
9 simple 10 1.1 not edited 
10 simple 6 4.4 not edited 
11 simple 5 L 3 4 not edited 

12 
complex, steep 

shore slope 6 11.9 40% 

13 
complex, steep 

shore slope 6 10.6 40% 
14 complex, dry 6 10.4 40% 

15 
complex, steep 

shore slope 8 12.8 40% 
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Table 15. Vegetation zones encountered along the ERT lines. 

Vegetation Zone 
(Stewart and 

Kantrud 1971) 

Zone Index on the 
ERT Profile Description 

Intermittent-alkali 
zone 1 

Mud flat: alkali salt flats, salt incrustations 
on top of sands. Sands are saturated and 
often are in near-quick condition. Salt 

tolerating vegetation. 

Shallow marsh and 
wet-meadow zone 2 

Shallow freshwater marsh: grass toughs, 
swampy ground, standing water between 

toughs. Freshwater vegetation. 

Wetland-low-
prairie zone 

3a 
Thick grow of few different bush species 
(wild prairie rose, wolf willow, Saskatoon 
berry) with the dominance of wolf willow 

Wetland-low-
prairie zone 3b 

Rare bushes, no wolf willow present, 
grasses. 

Wetland-low-
prairie zone 

3c 
Evaporative pan: Very hard ground, salt 
precipitation on the surface. Grasses are 

poor. 
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Figure 12. Geological cross-sections of the study site and distribution of samples, 

selected for the grain size analysis along a) Line 1 and b) Line 15 
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Figure 13. Quaternary sediments at the study site: a) along Line 1, b) along Line 15. 



• 

E
le

va
tio

n 
of

 p
ie

zo
m

et
ri

c 
su

rf
ac

e,
 m

 

In
 

a 8 -d
 o 2 6 > 6 
1 

> 6 o 9 o Z 6 o ó 

• • 0
0 o X 

E
le

va
tio

n 
of

 th
e 

pi
ez

om
et

ri
c 

. 
su

rf
ac

e,
 m

 .
 

P 
O

N 
O

N 
IO

 

0 8 S 
H 

O
 

S Ò
 

> Ò
 

6 s 
j 

>
 o m
 

b
 O
 

ò z a ò 

O
N 

O
N os
 

2 
O

N 

• 
• 

<
• 

X
 

• 
xm

 
X

9 
<•

• 

M
i 

•4
1 • 
><

••
 

*0
 



100 

1-665 
B ¿ 

•s -ê 

e S 660 

s « 
u 

655 

• • 
• 

• 
X 

X 

X12 • 13 • 15 A16 

A-00 S-00 O-00 N-00 D-00 J-01 F-01 M-01 A-01 M-01 J-01 J-01 A-01 S-01 O-Ol N-01 D-01 

Date 

(d) 

+ piezometer 25 

- i 1 1 1 1 1 1 r-
A-00 S-00 O-00 N-00 D-00 J-01 F-01 M-01 A-01 M-01 J-01 J-01 A-01 S-01 O-Ol N-01 D-01 

Date 

(e) 

-i i 1 1 1 1 1 1 1 i 1 r 

A-00 S-00 O-00 N-00 D-00 J-01 F-01 M-01 A-01 M-01 J-01 J-01 A-01 S-01 O-Ol N-01 D-01 

Date 
+ Piezometer 24 

(f) 

Figure 14. Seasonal dynamics of water levels in: a) water table piezometers, b) sand and 

gravel aquifer, c) heterogeneous aquitard, d) clay aquitard and e-f) intertill sand aquifers 
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with upper glacial till in the study area, e) groundwater associated with lower glacial till 



105 

in the study area, groundwater associated with cretaceous aquifers in the study area and f) 

all investigated samples 
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Figure 16. The relationship between ÔD °/oo - ô 1 8 0 °/oo ratios and electrical conductivity of 

groundwater in the study area and Lydden Lake water. 
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Figure 17. Local meteoric water line (LMWL) and ÔD °/oo - 8 1 8 0 °/oo ratios of 

groundwater in the study area and Lydden Lake water. 
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Figure 18. Strontium isotope ratios of groundwater of the study area and Lydden Lake 

water 
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Figure 19. The linear relationship between total sulphate content and total dissolved 

solids content for groundwater in the study area and Lydden Lake water. 
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Figure 20. The relationship between TDS content of sulphate-rich water of the study area 
and artificial brine and its electrical conductivity (a) and the relationship between 
electrical conductivity of sulphate-rich water of the study area and artificial brine and its 
TDS content (b). 
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Figure 21. The results of the reconnaissance E M 31 survey and E M 31 survey around the 

study site. The electrical conductivity values rise near lakes shores or sloughs. The 

highest electrical conductivity values are observed along the shoreline within the study 

site. 



110 

5765700H 

5765600H 

5765500H 

5765400H 

5765300 
680800 680900 681000 681100 681200 

•|« An individual survey point (EM 31) 

' "" Electrical Conductivity (EM 31), mS/m 

Figure 22. The subsurface electrical conductivity map of the study site based on the 

results of the EM31 survey. 
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Figure 23. The comparison of subsurface electrical conductivity maps of the study site 

based on the results of the EM31 and EM34 surveys. 
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Figure 24. Positioning of the electrical resistivity tomography (ERT) survey lines within 

the study area. 
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Figure 25. ERT images of surveyed lines: a) ERT image of Line 1 surveyed at 4 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 

Figure 25. ERT images of surveyed lines: b) ERT image of Line 1 surveyed at 2 m 

spacing, using dipole-diploe array 
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Figure 25. ERT images of surveyed lines: c) ERT image of Line 1 surveyed at 4 m 

spacing, using dipole-diploe array 
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Figure 25. ERT images of surveyed lines: d) ERT image of Line 2 surveyed at 4 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: e) ERT image of Line 2 surveyed at 4 m 

spacing, using dipole-dipole array 
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Figure 25. ERT images of surveyed lines: f) ERT image of Line 9 surveyed at 4 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: g) ERT image of Line 9 surveyed at 4 m 

spacing, using Wenner array. The maximum (top) and minimum (bottom) subsurface 

resistivity models are presented 
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Figure 25. ERT images of surveyed lines: h) ERT image of Line 10 surveyed at 4 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: i) ERT image of Line 11 surveyed at 4 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: i) ERT image of Line 12 surveyed at 6 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: k) ERT image of Line 12 surveyed at 6 m 

spacing, using Wenner array. The maximum (top) and minimum (bottom) subsurface 

resistivity models are presented 
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Figure 25. ERT images of surveyed lines: 1) ERT image of Line 13 surveyed at 5 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 

Figure 25. ERT images of surveyed lines: m) ERT image of Line 13 surveyed at 5 m 

spacing, using Wenner array. The maximum (top) and minimum (bottom) subsurface 

resistivity models are presented. 
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Figure 25. ERT images of surveyed lines: n) ERT image of Line 14 surveyed at 5 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: o) ERT image of Line 15 surveyed at 5 m 

spacing, using Wenner array and vegetation zones encountered along the line (see Table 

15 for the description of the vegetation zones). 
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Figure 25. ERT images of surveyed lines: p) ERT image of Line 15 surveyed at 5 m 

spacing, using Wenner array. The maximum (top) and minimum (bottom) subsurface 

resistivity models are presented. 
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Figure 26. Comparison of ERT images at the intersections of ERT lines: a) run at the 

northern shore of Lydden Lake (Lines 13,12 and 14) 

Figure 26. Comparison of ERT images at the intersections of ERT lines: b) run at the 

northern shore of Lydden Lake (Lines 1,10 and 2) 



124 

Figure 26. Comparison of ERT images at the intersections of ERT lines: c) run at the 

northern shore of Lydden Lake (Lines 1,10 and 9) 

Figure 26. Comparison of ERT images at the intersections of ERT lines: d) run at the 

northern shore of Lydden Lake (Lines 1,11 and 9) 
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Figure 26. Comparison of ERT images at the intersections of ERT lines: e) run at the 

northern shore of Lydden Lake (Lines 1,10 and 2) 
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Figure 27 Bulk soil resistivity distribution measured on sediment samples for a) 

Boreholes 1 through 3 and b) for Boreholes 6/7 and Borehole 9. 
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Chapter 5. Discussion 

5.1 Comparison of resistivity estimated by ERT and resistivity measured in the 

laboratory on sediment samples. 

Figure 28 (a,b) shows bulk soil resistivity measured in the laboratory plotted on the 

geological cross-sections. A correlation is noted between some geological features and 

resistivity behavior. The resistivity drop around the water table is significant in all of the 

boreholes. The coarse layer of sand and gravel between 664 and 660 m of elevation can 

be distinguished by high resistivity values (over 40 £2-m) in all the boreholes except 

Borehole 6/7 on Line 15. In Borehole 6/7, the increase in resistivity is insignificant. Very 

low resistivity values (below 6 £2-m) are observed in Boreholes 1 and 2 along Line 1 in 

the interval between 660 and 655 m of elevation. This low resistivity anomaly roughly 

corresponds to a zone of gypsum precipitation. 

Figure 29 (a,b) shows laboratory-measured bulk resistivity of the sediment samples on 

the ERT images of Lines 1 and 15. The zones of high and low resistivity are qualitatively 

similar between laboratory values and ERT images. 
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To quantify the fit between ERT and laboratory resistivity measurements, the values of 

resistivity obtained by the two methods for the same portion of the subsurface should be 

compared. 

The average value of laboratory measured bulk soil resistivity (AVSR) for each interval 

equal to the corresponding to ERT model resistivity block height, was calculated as the 

harmonic average of all samples included into the interval. Because in the majority of 

cases sediment samples were evenly spaced throughout, no weighting was necessary. 

Figure 30 (a-h) shows three types of resistivity distribution with elevation. Sediment 

sample resistivity is shown as discrete values; ERT and average resistivity values 

calculated for sediment samples are shown as step graphs. Figure 36 (a-c) and Figure 36 

(f-h) has sediment resistivity and ERT estimates for Boreholes 1 through 3 surveyed at 4 

and 2 m separation. Qualitatively, from the graphs shown on the Figure (a-h) it can be 

seen that generally the fit between the ERT estimate and the AVSR is best for the low 

resistivity range (below 6 Q-m). ERT estimate is not as good for the high resistivity 

features and overall it tends to be lower than the AVSR. 

To quantify the quality of the ERT estimates, AVSR are cross-plotted against the ERT 

estimates (Figure 31 (a-c)). Figure 31 (a) evaluate the fit in all boreholes (1 through 3 and 

6/7 and 9) surveyed at 4 m of separation. There is no significant difference in the quality 

of data obtained from different boreholes. Figure 31a shows that for three points with 

high AVSR, ERT estimate is too low. One point has ERT estimate exceeding the AVSR 
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more than twice. With these four points removed as potential outliers, the correlation 

between ERT estimate and AVSR improves (Figure 31 b). ERT estimate is 99% of the 

AVSR with the correlation coefficient equal to 0.78. Decreasing the electrode spacing to 

2 m (Figure 31c) did not significantly affect the quality of the dataset. 

Analysis of graphs on the Figues 30 (a-h) and cross-plots on the Figures 31 (a-c) shows 

that ERT tends to underestimate resistivity in general. ERT image of a high resistivity 

zone, corresponding to sand and gravel layer is unrealistic. The size of model blocks and 

smoothing function, which controls resistivity transformation between neighboring 

blocks, can both contribute to inconsistencies between ERT estimates and laboratory 

results. The survey at smaller electrode spacing did not significantly improve the quality 

of the dataset. The samples with high resistivity values are constrained to a narrow layer 

with sharp boundaries. Resistivity contrast between this layer and surrounding layers is 

one to two orders of magnitude. During inversion, I used a combined Occum and 

Marquardt inversion, to improve the inversion ability to distinguish highly contrasting 

resistivity features. The comparison of the ERT estimate and AVSR shows that the 

Occum and Marquardt inversion still penalizes sharp contrasts between neighboring 

blocks. 
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The resistivity values of coarse-grained samples could be over-estimated in the laboratory 

measurements compare to the in situ due to partial loss of pore water by the samples 

during transportation and storage. 

Artifacts created due to three-dimensional effects also contribute to non-perfect 

correspondence of ERT images and laboratory measurements. 

5.2 Qualitative interpretation of ERT images 

As shown in Chapter 4, the conductivity of soil in the study area depends strongly on the 

mineralization of soil water. Limitations of the aqueous extraction method do not allow 

me to ascertain a direct relation between in-situ pore water conductivity and bulk soil 

conductivity. 

Line 1. A layer with higher resistivity (20-40 £l-m) can be associated with a gravel layer 

Figure 32(a). Three piezometers (4,5 and 21) are screened in this layer along line 1. 

Water from these piezometers has very low mineralization (Table 7), which, together 

with coarseness of the sediments leads to the high resistivity of this layer. The low 

resistivity zone (below 6 £2-m) extending from the lake in the elevation interval of 660-
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650 m is interpreted as a saline groundwater body. Piezometers 11,12, 14 and 15 are 

screened in this layer. The pore water conductivity is the highest (12.68 mS/cm) in 

Piezometer 11, situated closest to the lake and screened around the middle of the plume at 

the elevation of 655 m. Pore water from Piezometer 14, which is screened at the same 

approximate depth as Piezometer 11, but farther from Lydden Lake shore, has lower 

electric conductivity (4.40 mS/cm). Pore water from Piezometer 15, screened around 650 

m, has lower electrical conductivity (2.99 mS/cm), indicating the edge of the plume. The 

bottom boundary of the plume is well defined on the image, and is between 645 and 650 

m. This elevation corresponds to the lacustrine clays and tills. Clays and tills have low 

hydraulic conductivity and presumably serve as an effective barrier to the downward 

movement of the brine plume. The upward hydraulic gradient, within the till layer also 

contributes to defining the lower boundary of the plume. Gypsum occurrences in the 

elevation range between 658 and 655 m may be precipitating within fine sediments under 

so called "gel tube" conditions (A. Oganov, personal communication). From one end of 

the sediments with high clay content, a sulphate solution (sulphate-rich brine from the 

lake) is supplied and from the other end, a Ca-rich solution (groundwater from 

surrounding sediments) is supplied. The ions slowly diffuse through the clayey sediments 

and, after some time, gypsum crystals form there. 

Line 2. The same main features can be seen on the image obtained along Line 2 as can be 

seen along Line 1 (Figure 32 (b)). Line 2 is located on the portion of the lakeshore, which 
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does not have an extensive mudflat. Line 2 does not come as close to the water's edge as 

Line 1. On Line 1, the top boundary of the saline groundwater starts from the ground 

surface at the water's edge, then slopes downwards, and a layer of lower resistivity can 

be observed overlaying the plume. The zone of lower resistivity overlaying the plume can 

be observed along the whole length of the Line 2. Line 2 does not have a section where 

saline groundwater comes to the ground surface, because it is not set closer to the water 

edge's. 

Line 9. The image obtained along this line (Figure 32 (c)) has overall lower resistivity 

than the previous two. The brine plume has a complex shape and consists of two 

distinctive parts. That pattern would be consistent a remnant of a retreating plume 

moving towards the lake. The separate low resistivity area can also be a finger of saline 

water extending from the main body of the plume, due to the influence of the sediment's 

heterogeneity. A near-surface feature of low resistivity between 93 m and 129 m 

corresponds to a local depression with salt-tolerant grasses and salt precipitation on the 

ground surface, can be an evaporative feature extending above the water table. The 

change in the groundwater vertical flow direction in the unsaturated layer often happens 

in areas of semi-arid and arid climates due to high évapotranspiration, inducing flow of 

groundwater upwards in dry periods. As flow caused by évapotranspiration weakens, 

dissolved salts precipitate (Knuteson et al., 1989). 
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Lines 10 and 11. These lines are parallel to the Lydden Lake shore and show the plume 

within the same elevation range as Lines 1,2 and 9 (Figure 32 (d), Figure 25 (h,i)). The 

resistivity values are in the same range as along Lines 1,2 and 9. The plume on these 

images does not form a continuous body; it consists of a few semi-separate areas of low 

resistivity. That suggests the plume might be fingering and Lines 10 and 11 cross a few 

of the appendages extending from the main body. The low-end resistivity values are 

higher on Line 11, and the areas of the lower resistivity are smaller and have less vertical 

thickness than on Line 10. Line 11 was set up farther away from Lydden Lake. A 

comparison of the images obtained from Lines 10 and 11 provides evidence that plume 

has maximum thickness at the lake edge and thins out inshore (Figure 25 (h and i). 

Line 12 and 13. These lines (Figure 32(e,f) were set up on the northern shore of Lydden 

Lake. Higher values of resistivity are associated with the topsoil than around the location 

of Lines 1,2,9, 10 and 11. The resistivity values along Lines 12 and 13 are less 

homogeneous than for the lines set at the southern shore. That can be caused by lower 

image quality due to more complicated topography. The corner structure of low 

resistivity in the elevation range between 657 and 640 m at the lake margin might be an 

image of the brine plume, which has less onshore penetration along these lines than on 

the southern shore. There is a possibility that low resistivity patches found farther inland 

of the suspected brine plume might be relic features similar to the one described along 

Line 9. They also may be noise artifacts. 
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Line 14 (Figure 32, g). Resistivity values obtained along Line 14 are in the same range as 

ones along Lines 12 and 13. A few shallow sections with very low resistivity correspond 

to boulder piles encountered along this line. The image shows two separate low resistivity 

areas, indicating places where the brine plume might have reached this far inshore. 

Line 15 (Figure 32, h). The image along Line 15 has a complicated structure. The plume 

entering inshore at the lake edge is visible between 660 and 657 m of elevation. The 

image shows numerous areas of low resistivity between the ground surface and 640-645 

m of elevation. The low-resistivity anomaly on the southern end of the line can be 

correlated to the seepage of saline water from a dugout. Other anomalies are more 

difficult to interpret. They may be images of fingering plume appendages, relic features 

similar to the ones described for the line 9 or noise artifacts. 

5.3 Solutes origin 

Groundwater from two piezometers (11, 17) has high enough TDS content to require 

density corrections in order to determine true groundwater flow direction. Outside the 

brine plume a hydraulic head concept can be used to assess flow direction. Figure 14 (a-
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e) show that heads in all of the freshwater piezometers are higher than the average water 

level of the lake (663.2 m), so both shallow meteoric groundwater and intertill aquifer 

discharge into Lydden Lake. Kelley et al (1998) compared Na/Ca to SO4/HCO3 ratios of 

springs and seeps around the sodium sulphate lakes of southern Saskatchewan to the 

ratios of shallow groundwater in Saskatchewan, and concluded that water discharging in 

springs in seeps could be of late Cretaceous to Quaternary age. Oxygen and hydrogen 

isotopes data will not help do differentiate between Cretaceous and Quaternary 

groundwater in the region (Kelley et al, 1998). 

The oxygen and hydrogen isotope data shown on Figure 17 demonstrate that groundwater 

sample collected in the middle of the plume and close to the lake have stable isotope 

composition, intermediate between lake brine and fresh groundwater, discharging into the 

lake. The brine plume situated at the margins of Lydden Lake may be Lydden Lake water 

moving inshore and mixing with the shallow groundwater present in the sediments. 

Strontium isotope ratio of deeper intertill groundwater and shallower glacial till 

groundwater is distinctively different. Strontium ratios for Lydden Lake water lie 

between these two types of groundwater, suggesting that Lydden Lake water Sr/ Sr 

ratio is a result of mixing of at least these two types of groundwater (Figure 18). 
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The major ion chemistry for Quaternary to Late Cretaceous groundwater of the study area 

is described in Rutherford's report (1966). Figure 33 and Figure 34 present graphs 

showing the relationships between sodium and potassium concentrations (sodium to 

potassium ratio), and between sulphate and chloride concentration (sulphate to chloride 

ratio), in different water types of the study area. Neither of the investigated ionic 

constituents is conservative, participating in ion exchange or present in evaporite 

minerals precipitating in Lydden Lake (Table 1), which contributes to the scatter on the 

graphs. The potassium to sodium ratio is below one for all investigated water types. The 

Judith River formation water seems to be the most enriched in sodium, and some tills 

referred to in Rutherford's report are relatively more enriched by potassium. Sodium to 

chloride ratio is also similar for the investigated groundwater types. The analysis of major 

ion constituents ratios are consistent with the findings of Kelley et al (1998). 

5.4 Effects of density-driven flow on the site 

In case of variable density fluid for horizontal shallow aquifers, Lusczynki, 1961 

expressed the driving force as a function of freshwater hydraulic head gradients and 

buoyancy: 

F = -gp0/p(VHo + ApVz/po) (16) 
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where p 0 is density of freshwater, Ap=p- p0, the density difference between saline and 

fresh water density and H 0 is equivalent freshwater head given by: 

H 0 = P . +Z (17) 

S Pi * x i 
P. = — » <!8) 

i=l 

where H s is height of the water column in the piezometer, Z is the bench mark elevation, 

taken to be mid-screen elevation, p e is the weighted average density of water column, p¿ 

is the density of water in each interval of x¡ length.. 

Driving force ratio (DFR) can be used to indicate relative importance of buoyancy and 

potential. For vertical flow: 

DFR = (Vp/p0)/(3Ho/az) ( 19) 
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Bear (1972) defined free (driven mostly by gravitational difference) and forced (driven 

mostly by pressure gradient) convection in vertical flow corresponding to D F R » 1 and 

D F R « 1 respectively for near horizontal layers. The equivalent freshwater hydraulic 

head distribution generally cannot account for the magnitude of the impelling force in the 

vertical plane, but for the forced flow equivalent freshwater heads distribution can be 

used to estimate vertical flow direction (Bachu, 1995). 

When TDS content is in excess of 7000 mg/L, density corrections are necessary (Fetter, 

1994). Measurements of electrical conductivity of pore water are correlated with its TDS, 

and this relationship is described by the Equations 12 and 13. The 7000 mg/L criteria will 

translate into 7.74 mS/cm at 25°C value of electrical conductivity, above which point 

density correction is necessary. Table 7 summarizes electrical conductivity values 

measured in the piezometers. It appears that density correction is required for 

Piezometers 11 and 17 (Figure 35). However, in view of the wide range of water 

mineralization at the site and the relatively small differences in the values of hydraulic 

head measured at different depth levels, it is desirable to make density corrections for all 

of the piezometers, except for the two piezometers (24 and 25) screened in the intertill 

aquifer with TDS of fresh water. 
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An equivalent freshwater head will be calculated first. I will then assess whether the flow 

is free or forced for the part of the study area where saline water is present by calculating 

DFR. If vertical flow is forced, then the equivalent freshwater heads will adequately 

describe both vertical and horizontal flow on the site. 

To calculate p e of long water columns in deep piezometers (with depth > 5 m), TDS of 

the groundwater is then calculated using Equations 12 and 13 from EC, and in its turn, 

groundwater density is estimated using Equations 14 and 15 for each interval. Appendix 

G contains calculations of p e and Table 16 - the calculated values. For the shallower 

piezometers and the flowing Piezometer 13, the value of p e is considered to be equal to 

the density shown in Table 16, which is estimated based on the value of TDS of collected 

samples. The values of equivalent freshwater heads are calculated for October 7, 2001. 

Piezometers 12 and 15 are not in equilibrium at that time and are not included in the 

calculation. The value of p 0 is assumed equal to 1000 kg/m . Table 16 summarizes the 

results of the equivalent freshwater heads calculations. 

On the study site, the density of water was estimated for a variety of samples collected 

from sediment samples and piezometers. Figure 36 shows the distribution of pore water 

density with depth near Borehole 2, where the effects of density contrasts are most 

pronounced within the areas of the site covered by sediment sampling and piezometers. I 

calculate DFR between Piezometer 4, which is screened just above the plume, and 
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Piezometer 11, which is screened in the middle of the plume. I have included the average 

weighted density value of formation water for Piezometer 11, because it is maximum 

value in the DFR formula, and have come up with following relation: 

AH 
DFR = (1.017-1)/( °-) (20) 

Az 

where A H 0 is the difference between equivalent freshwater heads between Piezometers 11 

and 4 and Az is the length of the vertical flow path, which is equal to the difference 

between elevations of the mid-screens of these piezometers. The DFR value is 0.48, 

which is less than 1. The DFR calculation demonstrates that while a free-flow component 

is present at the places of maximum plume extension, but it is less than the upward 

pressure gradient. 

5.5 Flow patterns on the site. 

Horizontal flow patterns 

A l l the water table piezometers, which were not dry on October 7th, 2001, are situated in 

close proximity to one another. Mid-screen elevation and the equivalent freshwater head 

values are shown in Table 17. With all these piezometers screened at different depth, the 

horizontal flow direction cannot be readily determined. Equivalent freshwater heads in 
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all these piezometers are higher than the average lake level (663.2 m) so the horizontal 

flow component in this layer is directed towards the lake. 

Figure 37 shows equivalent freshwater heads distribution in the sand and gravel aquifer. 

The overall flow direction is towards Lydden Lake. The horizontal hydraulic gradients 

calculated between the piezometers on Lines 1 and 15 are on the order of 10"3 . Because 

of the small number of observation points, however, the precise flow direction cannot be 

established but the general flow direction is towards the lake. 

Figure 38 shows the distribution of equivalent freshwater heads in the piezometers 

screened in the heterogeneous aquitard at an approximate depth of 10 m and the 5 Q-m 

resistivity contour at a depth of 8.7 m. The 5 Q,-m contour is drawn based on the ERT 

image (Lines 1,2, 9, 10,11 and 15) and is treated as the brine plume boundary. The ERT 

image is compared to the EM34 image on Figure 23. The EM34 image shows the 

distribution of subsurface resistivity integrated to the depth of 15 m and the low 

resistivity feature on it appear to have continuous shape. A few isolated patches of low-

resistivity outside the main body of the plume can correspond to isolated patches of brine 

or projections of fingers originating from the main plume body. Patches seen around Line 

15 can be image artifacts. The maximum extension of the plume is observed in the area 

with a gentle lakeshore slope. The distribution of the equivalent freshwater heads in the 

heterogeneous aquitard between Piezometer 11 and Piezometer 14 is within error margin 



142 

of water level measurement, topographic survey and density correction. Negligibly small 

difference in heads combined with a low hydraulic conductivity, indicates little to no 

horizontal movement in this aquitard. 

Vertical flow patterns 

Water levels indicate upward gradient in the watertable piezometers (Table 17) in the 

upper aquitard until July 2001. After July 2001 the gradient appear to be downward, and 

the value of downward freshwater gradient is 0.079 between Piezometer 20 (the 

shallowest) and Piezometer 19, and about 0.003 between Piezometer 19 and Piezometer 

18 (the deepest). 

Between other hydrogeological units, vertical flow is consistently upward outside of the 

plume. The highest upward gradients is observed between artesian Piezometer 13, 

screened in the clay aquitard, and Piezometer 4, screened in the gravel layer and it is 

about 0.83. Gradients between heterogeneous aquitard and sandy layer or heterogeneous 

aquitard and clay aquitard vary and might be affected by density driven flow within 

plume boundaries. 

Saline and freshwater interactions and controls of the plume's horizontal and vertical  

extent. 
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Vertical and horizontal flow patterns indicate that groundwater flow converges around 

Lydden Lake. The only possible outflow observed from the lake is lake brine intruding 

inshore due to the density differential. It is hypothesized that the brine plume extends to a 

significant distance inshore when there is no strong freshwater gradient opposing its 

movement in the heterogeneous aquitard. It appears that the plume's extension is smaller 

where steeper slope is present in landscape. Watertable tends to follow topography; so 

steeper hydraulic gradients correspond to steeper topographical features. The wetland is 

smaller when the shore is steep and the freshwater discharge is closer to the lake's edge. 

Other contributing factor is that on a steeper shore less évapotranspiration occurs and 

more flow reaches the lake's edge. 

The laboratory measurements on the sediment samples show that the mixing zone has 

negligible thickness on the top boundary of the plume, because the resistivity of the pore 

water changes abruptly between very high values and the low values associated with the 

brine (Figure 27 a,b). The top boundary of the plume is formed by highly hydraulically 

conductive sand and gravel aquifer. The freshwater discharge in the sands and gravels is 

high enough to counteract the saline water flow. On the ERT images, the mixing zone is 

seen along the bottom boundary of the plume and its sides. As shown in Figures 27 (a,b), 

a number of samples have resistivity intermediate between the low values (below 6 Q-m) 

corresponding to the plume and the moderately-high values (15-20 Q-m) corresponding 

to the underlying clays. The high hydraulic conductivity layer of sediments defines the 
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upper boundary of the plume. Tight lacustrine clay and till layer with homogeneously 

low hydraulic conductivity defines the bottom boundary of the plume. The upward 

freshwater gradient through the clay layer also counteracts the downward expansion of 

the plume. The gradual change of sediments resistivity around the bottom of the plume 

in the heterogeneous aquitard unit suggests more extended mixing zone then on the top 

boundary. 

The distribution of hydraulic heads does not indicate flow in horizontal direction within 

the brine plume. Brine plume movement can be stopped by the counteracting gradient of 

freshwater discharging into the lake. The saline and fresh groundwater are then in quasi-

equilibrium state. Minor fluctuations of the saline and freshwater interface can be caused 

by seasonal changes in Lydden Lake's water level and freshwater discharge. 

The complex form of the plume suggests that transient flow might be present in the long 

term, as opposite to the static behavior described above. The collected data is 

inconclusive on whether the plume might be advancing or regressing in that case. 

Advancing transient plume model is presented on Figure 39. In this case, the plume had 

not reached its maximal extent yet. Flow of brine inshore is induced by density 

differential. Separate zones of lower resistivity visible on Lines 9 and 15 could be created 

due to fingering of the advancing brine in heterogeneous sediments. The brine might be 
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reaching farther out within lenses of higher permeability. Alternatively, the zones with 

high permeability may focus freshwater flow and the brine will be flushed out of them, as 

it is flushed from the gravel layer. Sediments, however, appear relatively more 

homogeneous around Line 15 where the majority of separate patches occur, than around 

Line 1, where none are present. 

A model of a regressing plume is shown on Figure 40. In this case, the brine plume 

advanced during period of higher than present lake water level. The freshwater gradient 

in this case does not equilibrate the density differential induced flow (static model), but is 

stronger and pushes the plume lakewards from its maximum extent position. The 

separate low-resistivity zones can be interpreted as relic brine pockets separated from the 

main body of the plume as it is retreating towards the lake. 
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Table 16. Weighted average density of water columns in piezometers and equivalent 

freshwater heads on the site. 

Piezometer Groundwater type 

Water elevation 
on Oct 7,2001 

Weighted average 
density of the water 

column, pe 

Equivalent freshwater 
head 

Weighted average 
density of the 

groundwater, from the 
surface to mid-screen, 

P« 

Piezometer Groundwater type 

m , 3 
g/cm m g/cm 

4 Sand and gravel aquifer 663.702 1.002 663.707 1.002 
5 Sand and gravel aquifer 663.732 1.001 663.735 
g Sand and gravel aquifer 663.553 1.003 663.560 
9 Water table dry 1.002 dry 
10 Sand and gravel aquifer 663.499 1.004 663.505 

18 Water table 663.598 1.002 663.601 

19 Water table 663.603 1.002 663.604 

20 Water table 663.634 1.002 663.635 

21 Sand and gravel aquifer 663.602 1.002 663.604 

11 Mixed aquiclude 663.810 1.012 663.906 1.017 
13 Clay aquitard 667.913 1.007 668.033 
14 Mixed aquiclude 663.869 1.002 663.897 
16 Clay aquitard 663.865 1.003 663.890 
17 Mixed aquiclude 663.797 1.004 663.873 

24 Intertill aquifer 675.408 1.000 675.408 

25 Intertill aquifer 666.780 1.000 666.780 

Table 17. Mid-screen elevations and equivalent fresh-water heads in the water table 

piezometers. 

Piezometer Mid-Screen 
Elevation, m 

Equivalent freshwater 
head , m 

18 661.946 663.601 
19 662.900 663.604 
20 663.290 663.635 
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Figure 28. Geological cross-section along: a) Line 1 and logs of subsurface resistivity for 

Boreholes 1 through 3 and b) Line 15 and logs of subsurface resistivity for Borehole 6/7 

and Borehole 9. 
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Figure 29. ERT images along: a) Line 1 and logs of subsurface resistivity for Boreholes 1 

through 3 and b) Line 15 and logs of subsurface resistivity for Borehole 6/7 and Borehole 

9. 
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Figure 30. Three types of resistivity distribution with elevation; sediment sample 

resistivity is shown as discrete values; ERT and average resistivity values calculated for 

sediment samples are shown as step graphs: a) Borehole 1, at 4 m separation, b) Borehole 

2, at 4 m separation 
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Figure 30. Three types of resistivity distribution with elevation; sediment sample 

resistivity is shown as discrete values; ERT and average resistivity values calculated for 

sediment samples are shown as step graphs: c) Borehole 3, at 4 m separation, d) Borehole 

6/7, at 4 m separation 
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Figure 30. Three types of resistivity distribution with elevation; sediment sample 

resistivity is shown as discrete values; ERT and average resistivity values calculated for 

sediment samples are shown as step graphs: e) Borehole 9, at 4 m separation, f) Borehole 

1, at 2 m separation 
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Figure 30. Three types of resistivity distribution with elevation; sediment sample 

resistivity is shown as discrete values; ERT and average resistivity values calculated for 

sediment samples are shown as step graphs: g) Borehole 2, at 2 m separation, h) Borehole 

3, at 2 m separation 
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Figure 31. Average resistivity of sediments versus ERT estimate of bulk soil resistivity: 

a) for Borehole 1 through 3, Borehole 6/7 and Borehole 9, separation 4 m, b) correlation 

between AVSR values and ERT estimate for Borehole 1 through 3, Borehole 6/7 and 

Borehole 9, separation 4 m after removal of outliers, c) correlation between AVSR values 

and ERT estimate for Borehole 1 through 3, separation 2 m 
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Figure 32. Interpretation of ERT images: d) Line 11 
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Figure 32. Interpretation of ERT images: e) Line 12 
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Figure 32. Interpretation of ERT images: f) Line 13 
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Figure 32. Interpretation of ERT images: g) Line 14 

Figure 32. Interpretation of ERT images: h) Line 15 
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Figure 33. Sodium and potassium concentrations for groundwater of different origin in 

the study area and for Lydden Lake water 
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Figure 34. Sulphate and chloride concentrations for groundwater of different origin in the 

study area and for Lydden Lake water 
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Figure 35. Stratification of the water column in Piezometers 11 and Piezometers 14 

through 17 with respect to electrical conductivity. 
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Figure 36. Distribution of pore water density in the sediments near Borehole 2. 
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Figure 37. Equivalent freshwater head distribution in the sand and gravel aquifer on 

October 7, 2001 
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Figure 38. Equivalent freshwater head distribution in the mixed aquitard on October 7, 

2001 and the suggested plume boundary 

Gentle shore slope 

Figure 39. Plume has a complex shape and it is advancing inshore. 
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Figure 40. Plume has a simple shape with few patches separated off the main body due to 

plume's regression from maximum extent. 
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CHAPTER 6. CONCLUSIONS 

A preliminary hydrostratigraphycal model of a hypersaline lake margin is shown on the 

Figure 41. Four lithological units are present from the surface downwards: capping silts 

and modern soil; sand and gravel; an interbedding of clays, silts and sands and finally, a 

lacustrine clay and till unit. 

The top silt layer, with an average thickness about 2 m, is an aquitard hosting the phreatic 

water with hydraulic conductivity values around IO"7 m/sec (Radke et al., 2001). The 

gradient throughout that layer is mainly vertical and is directed downwards. Seasonally, 

the vertical gradient can be upward. The horizontal portion of the hydraulic gradient in 

the silt layer is directed towards the lake. 

The sand and gravel unit is an obvious aquifer, with a high value of hydraulic 

conductivity equal to or exceeding 10"3 m/sec. The thickness of this layer varies between 

4 and 2 m. Through this layer a large amount of fresh water, meteoric in origin, and water 

discharging into it from underlying units, is channeled towards the lake. The salt karst 

structures forming in the crystaline salt bed of the lake might be connected with springs 

of groundwater from this gravel layer or from deeper sand and gravel intertill units. The 

flow in the layer is predominantly horizontal, and the value of the horizontal hydraulic 

gradient might depend on the surface topography. 
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The unit underlying the aquifer is a heterogeneous aquitard mainly consisting of 

interbedded silts and fine sands. Generally, the hydraulic gradient within this unit is 

directed towards the lake and upwards. The water in this unit is a mixture of meteoric 

water flowing from the upland (possibly passing through transitional Springwater Lake) 

and deeper groundwater from the underlying Pleistocene intertill aquifer and possibly late 

Creataceous aquifers. The hydraulic conductivity of this unit is quite variable, depending 

on the sediment type. The average hydraulic conductivity is on the order of 10" m/sec. 

The average thickness of that unit is about 10 m. 

The Pleistocene intertill aquifer and the hetereogeneous aquitard unit are separated by a 

layer of lacustrine clays and glacial tills. A strong vertical upward gradient is observed 

through this layer. Deeper piezometers exhibit artesian behavoir. The hydraulic 

conductivity of the clay unit is between 10" and 10" m/sec, and its thickness is over 10 

m under the study site. Groundwater in this unit is relatively fresh, and is closest in its 

chemical composition to water sampled in the piezometers screened in the intertill aquifer 

(Piezometer 24 and 25). 

Electrical resistivity tomography conducted on the margins of Lydden Lake showed 

existence of a plume-shaped zone with low bulk soil resistivity. Measurements performed 

on the groundwater samples showed elevated electrical conductivity and TDS content in 
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this zone compared to the neighboring sediments. The low bulk soil resistivity is due to 

high TDS content of the groundwater. 

Lydden Lake water is saline and its density is higher than density of the groundwater 

discharging into the lake. Late Cretaceous to modern meteoric water of the region has 

similar hydrogen to oxygen isotope ratio (Kelley et al., 1998) laying on the local meteoric 

water line. Lake brine showed deviation from the local meteoric water line due to 

evaporative process. Sample of groundwater collected in the location closest to the lake 

had isotope content intermediate between those of the lake brine and local meteoric 

water. The presence of saline water in the sediments adjacent to the lake's margin was 

attributed to intrusion of the Lydden Lake's water inshore. The data also suggests that 

mixing and diffusion between saline and fresh groundwater takes place on the boundary 

of the plume. 

Both free and forced flow of the lake brine can take place. Free flow might be initiated 

because the heavier, saline water sinks due to gravity. Forced flow occurs due to the 

pressure head difference. DFR value suggests that forced flow prevails. Countered by 

upward vertical and lakeward horizontal flow, the brine plume balances itself within the 

aquitard. The gradient directed away from the lake within the saline plume is low. 

Precipitated gypsum crystals support the concept of active diffusive and mixing process 

occurring at the periphery of the plume. Speculatively, less freshwater discharge through 
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the heterogeneous aquitard leads to brine propagation farther inshore than in the gravel 

layer. It is hypothesized that the extension of the plume within the heterogeneous aquitard 

is controlled by the strength of the discharging groundwater gradient across the shore 

slope. The steeper the slope, the higher the gradient, and the less the plume's extension. 

The low hydraulical conductivity of the lacustrine clay unit and vertical upward flow of 

fresh groundwater discharging through it into the heterogeneous aquitard prohibit 

sinking and dispersion of the saline plume further downwards. Even in the area of 

maximal plume expansion, it does not advance past the Lydden Lake valley. 

However, the transient flow might be present in the long term. Collected data is 

inconclusive on whether plume is advancing or regressing. Separate areas of brine 

observed on ERT lines 9 and 15 can be interpreted as brine pockets severed of the main 

body of the plume or as parts of the plume's body if it has a complex, but continuous 

shape. If the first is true, than a regressing plume model can be suggested. Fingering 

would be more consistent with an advancing or static plume. Plume extension in 

horizontal direction appears to be controlled by the value of freshwater gradient, since 

maximum extension of the plume was observed in the flattest (shore slope < 5%) part of 

the investigated area. 

Layer of continuous dense clays with low hydraulic conductivity slows downward 

expansion and diffusive processes prevail on the bottom boundary of the plume. Top of 
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the plume is limited with a coarse gravel and sand layer, were active mixing prevails and 

fresh water quickly dilutes brine. The extension of the plume in vertical direction is 

controlled by conductivity of sediments and the direction of flow in the underlying and 

overlying sediments. 

Distribution of hydraulic gradients describes Lydden Lake as terminal lake, a local focus 

of discharge. The only possible outflow observed from the lake was the brine plume. 

Observed groundwater discharge into the lake comes from phreatic Quaternary aquifer 

and artesian Middle Pleistocene intertill aquifer. 8 7Sr/ 8 6Sr ratios were distinctively 

different for shallow groundwater, Lydden Lake water and water from the intertill 

aquifer. Sr/ Sr ratios can serve to distinguish between groundwater of different origin 

in the future research. Major ion ratios suggest that Late Cretaceous groundwater also 

may be discharging into the lake. According to Holmden and Kelley (2002) the 

"hydraulic heads in the Judith River are high enough to drive water close to the lake 

level" in the study area. However, more information on hydraulic head distribution in the 

bedrock units is required to demonstrate influx of Cretaceous water into the saline lake. 

Groundwater discharging into the lake was relatively fresh. Its TDS did not exceed 5000 

mg/L. High salinity of the Lydden Lake's water cannot be explained by inflow of already 

highly concentrated brines. The closed-basin nature of the lake warrants steady supply of 

salts and prevents their outflow. These and water deficiency lead to formation of 

evaporite beds in Lydden Lake. 
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Elevated salinity of groundwater is observed around the plume. Precipitation of gypsum 

crystals along the core of the plume suggests slow filtration and mixing of lake brine high 

in sodium sulphate with fresher groundwater, containing calcium. Salts carried out of the 

lake by the plume are returned to the lake by the freshwater with the exception of some 

amount that participate in gypsum precipitation. The influence of the density driven flow 

on the local groundwater system is negligible and the plume does not advance past the 

boundary of the watershed. 

The resistivity imaging allowed discovering and spatially positioning the saline wedge 

extending from the lake margin inshore. However, the ERT tends to underestimate 

resistivity of soil compared to the laboratory measurements. Resolution issues and 

smoothing function built into the inversion algorithm lead to ERT "not seeing" high 

resistivity features with small thickness and distorting highly contrasting features. The 

application of ERT in other areas where boundary between saline and fresh water occurs 

at the moderate depth can provide information on the position of that interface. In the 

areas where significant contrast in total mineralization exists between two groundwater 

formations (such as at the margins of surface saline basins), difference in bulk soil 

resistivity is principally controlled by difference in pore water electrical conductivity. 

Application of two and three-dimensional ERT surveys will prove useful in geotechnical 

problems involving saline wedges in coastal regions, by pinpointing interface location. 
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Time-lapse surveys can be conducted to describe wedges in unstable condition, due to 

reduction of freshwater gradient while pumping. The usage of ERT method provides 

cheaper supplement with better spatial coverage than drilling and core sampling. Local 

correlation between soil resistivity and saline water electrical conductivity and 

composition should be obtained however if the ERT images are to be used to quantify 

mass balance and transport models. 

Relationship between electrical conductivity and total dissolved solids content of 

sulphate-rich water was obtained in this study and can serve as an easy way to determine 

TDS of pore water samples. 

While the data collected in the study provided some insight on the groundwater 

interaction with surface saline basin, several issues need clarification. The role of 

Cretaceous groundwater in the water supply to sodium sulphate lakes should be 

confirmed by hydraulic head measurements and a study of conservative ion constituents. 

Another season of hydraulic head observations for the piezometers installed below the 

gravel layer is necessary to confirm or adjust the conceptual model of groundwater flow 

around Lydden Lake. Numerical simulation of the brine plume, its seasonal and long-

term dynamics will contribute to flow pattern description. The freshwater gradient 

control of the plume's extension inshore must be confirmed by gradient measurements 

across steep and gentle slopes or an alternative hypothesis should be offered. A 
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comparison between groundwater flow patterns around Springwater Lakes and between 

Lydden and Springwater Lakes was never attempted in this study. 

Future research involves studying dynamics of the brine plume using time-lapse 

tomography and hydrogeological observations of water levels and chemistry. Three-

dimensional ERT survey would provide a better estimate of the shape of the brine plume 

and might be helpful in discriminating between hypothesis describing the current and 

long-term state of the plume. Characterization of water flow between Springwater Lake 

and Lydden Lake has to be done to confirm the hypothesis about flow-through character 

of the Springwater Lake and terminal of the Lydden Lake. Comparative study of flow 

patterns around Springwater Lake can provide information on any other differences 

between the evaporite forming Lydden Lake and Spingwater Lake. Reliable head 

measurements for late Cretaceous formations in the study area should be obtained to 

confirm the possibility of groundwater discharging into Lydden Lake. The adjustments to 

the extraction method might be considered to have better accordance between soil and 

pore water composition. 
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Figure 41. Conceptual model of the groundwater flow at the Lydden Lake margin 
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APPENDIX A. BOREHOLE LOGS. 

Borehole 22. 

Borehole 22 is situated on the Highway 51, at the bridge across Lydden Lake. Drilled on September 21,200¾. Qound Elevation: 663.6 m 

Depth Interval (m) 
Total C O i 

Content 

(•nVg) • 
from to 

Total C O i 

Content 

(•nVg) • 

0.00 1.52 Till silly to sandy, grayish brown (2.5Y5/2) oxidized, calcareous. Orange staining 

1.52 3.05 white themadite powder 

3.05 4.57 Silt.sandv gray (5Y6/!) calcareous 101* Iheroadite 

4.57 6.10 Silt, saodv gray (5Y5/11 calcareous 10% themadite 

6.10 7.62 NS 

7.62 9.14 NS 

9 14 10.67 Sand fuie to medium, well sorted sub-rounded to rouoded grains, calcareous, abundant black frogs 

10.67 12.19 NS 

12.19 13.72 NS 

13.72 1524 NS 

15.24 16.76 Sill, sandy light gray (5Y7/I) calcareous, larrinaled. One large pebble (approximately 1 cm in diameter) 

16.76 18.29 NS 

18.29 19.81 Till silty gray (5Y5/1) calcareous. While precipitate on cuttings 30.66 

19.81 21.34 Till, sandy and sihv.grav (5Y5/T) calcareous 24 16 

21.34 2286 Till, sandy, gray (5Y5/1Ì calcareous. Gvpsumcrvstalls 23.26 

22.86 24.38 Till, sandy, siltv. gray (5Y571) calcareous. 25.95 

24.38 25.91 Till, sandy, silty. dark gray (5Y4/1) calcareous. 1633 

25.91 27.43 Tut, silty. gray (5Y5/1) calcareous. 1338 

27.4.3 28 96 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

15.8 

28.96 3048 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

16 8 

30.48 32.1X1 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

15.01 

32.00 33.53 
TUL sUty, sandy, gray (5Y5/1) calcareous. 

19.02 

33.53 3505 TUL sUty, sandy, gray (5Y5/1) calcareous. 19.63 

35.05 36.58 

TUL sUty, sandy, gray (5Y5/1) calcareous. 
15.65 

36.58 38.10 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

23.38 

38.10 39.62 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

23.85 

39.62 41.15 

TUL sUty, sandy, gray (5Y5/1) calcareous. 

26.79 

41.15 42.67 505(. lillas aboye; 50% sill, saody, gray (5Y6/I),calcareous 

42.67 44.20 Silt sandy, light olive-gray. (5Y6/2). calcareous 
44.2() 45.72 

Silt sandy, light olive-gray. (5Y6/2). calcareous 

45.72 47.24 Sand lioe to coarse, poorly sorted sub-rounded to sub-anftular prams 

47.24 48.77 Sand fine to very tine, moderately sorted sub-rounded to rounded grains; till sandy, silly, olive-gray (5Y5/2). calcareous 

48.77 50,29 

till sandy, silty, gray (5Y5/1), calcareous 

16.93 

50.29 51.82 

till sandy, silty, gray (5Y5/1), calcareous 

18.4 

51.82 5.3.34 

till sandy, silty, gray (5Y5/1), calcareous 

17.23 

53.34 54 86 
till sandy, silty, gray (5Y5/1), calcareous 

17.02 

54.86 56.39 
till sandy, silty, gray (5Y5/1), calcareous 18.38 

56.39 57.91 

till sandy, silty, gray (5Y5/1), calcareous 

18.6 

57.91 59.44 

till sandy, silty, gray (5Y5/1), calcareous 

21.35 

59.44 60 96 

till sandy, silty, gray (5Y5/1), calcareous 

22.61 

60.96 62.48 

till sandy, silly, gray (5Y671), calcareous 

24.17 

62.48 64.01 
till sandy, silly, gray (5Y671), calcareous 

24.51 

64.01 6553 till sandy, silly, gray (5Y671), calcareous 23.97 

65.53 67.06 

till sandy, silly, gray (5Y671), calcareous 
24.68 

67.06 68 58 

till sandy, silly, gray (5Y671), calcareous 

27.28 

68.58 70.10 Oav silty oxidized, light yelkiWLsh browo (2„5Y6/3)non-calcenbus. Rusty staining 

70.10 71.63 

Clay silty oxidized, light brownish gray (2.5Y672) non-calcerious. Rusty staining 71.63 73.15 Clay silty oxidized, light brownish gray (2.5Y672) non-calcerious. Rusty staining 
73.15 7468 

Clay silty oxidized, light brownish gray (2.5Y672) non-calcerious. Rusty staining 

74,68 76.20 

76.20 77.72 Sill, sandy, gray (2.5Y5/1). calcareous 

77.72 79.25 Sill, sandy, gray (15Y5/1). calcareous 

Total Carbonate Conter» nWg 
0 20 40 60 -

80.00 

Upper 
I Cretaceo I 
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Borehole 23 (page 1 of 2) 

Borehole 23 is situated on the Southern-East shore of Lydden Lake. Drilled on September 18,2000. Ground Elevation: 668.183 m 

30.48 l i l l sandy, s iky gray (5 Y 6/2) very slightly oxydized, calcareous and lill olive gray (5 Y 6/2) to gray (5 Y 5/2) calcareous, gypsum crystal! 

Lltholngy (by K M u t b u l s ) 

TÌII1 silly, sandy, oxidized, light olive brown (Z5 Y5/81. calcareous 

Total CO. 
Content 

23. y 
Till! strty, sandy, oxidized, light y ello wish-brown (2.5 Y 6/3), calcareous 41.84 

TilJI silly, sandy, oxidized, light yellowish-brown (2.5 Y 6/3), calcareous, i 

Till! sandy, oxidized, gravis h-brown (15 Y 5J2), calcareous 

TU1I sandy, oxidized, light grayish-brown (15 Y 6/2), calcareous and till sandy unondized, gray (2.5Y5/1) calcareous 

Till] silty, sandy, unowdized, gray (5 Y 5/1), calcareous. Sand medium to very coarse, suhrounded, poorly sorted, minor pehhels 

Sand medium to very coarse, suhnmnded, poorly sorted, coarse gravel, limes tone and mei amorphic. Till sandy, silly, gray (5 Y5/1) 

Till sandy, siky, gray (5 Y5/1), calcareous 

Till sandy, silty, gray (5 Y5/1), calcareous and lill sandy, silty gray (5 Y6/2) very slightly oxidized, calcareous 

Silt sandy light olive gray (5 Y6/2) locally carbonaceous slightly oxidized, calcareous 

Sand medium to line, suhrounded, moderately sorted 

Sand medium in line, suhnmnded. moderately sorted and sill sandy, gray 

Sand medium to fine, suhrounded, moderately -sorted and silt sandy, gray, calcareous 
Sand medium to fine, suhrounded, moderately sorted and gravel (0.5-1 cm), limestone and met amorphic 

Sill, laminated, locally clayey, olive gray (5 Y 5/2) gray (5 Y5/1) calcareous 

Sand medium, subangular to suhrounded, unoxklized and minor silt, gray (5 Y 5/1) calcareous 

Sand mednimto very coarse, subangular to suhrounded, poorly sorted. Email pebbeis. Silt, clayey, ktrrinated gray (5 YS/1) calcareous 

Silt as above, till sandy gray (5 Y5/1) calcareous. Gravel up to 2 cm, granite and metamnrphic. 

Gravel (0.5-1 cm), limestone, metamorphic. Till sandy, pebhty, olive gray (5 Y6/1) and gray (5 Y5/1) with yellowish brown staining 
Till sandy gray (5 Y 5/1) unoxidized, very minor siaining calcareous 

Till silly, sandy gray (5 Y5/1) calcareous 

Till silty, sandy gray (5 Y 5/1 ) calcareous unoxidized 

Siil sandy pale olive (5 Y 6/3) oxidized non-calcareous and silt sandy gray (5 Y 5/1) n on-calcareous 

Silt sandy gray (5 Y5/11 non-calcareous 

Total Carbonate Content ml/g 

0 20 40 60 

Surficial 

Stratified 

Deposits 

¡W annui and | 
Dundum 

Upper 
I Cretaceous [ 
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Borehole 23 (page 2 of 2) 

Borehole 23 is situated on the Southern-East shore of Lydden Lake. Drilled on September 18,2000. Ground Elevation: 668.183 m 

Depth Interval (m) Lithology (by 1 IMuutliiiis ) 

103.63 

115.82 

118.87 

123.44 
124.97 

129.54 

134.11 

149.35 
150.88 

83.82 

88.39 

97.54 

118.87 

126.49 

131.06 
132.59 

135.64 

141.73 

150.88 
152.40 

156.97 

163.07 

166.12 

Silt sandy gray (5 Y 5/1) non-calcareo us and silt clayey gray (5 Y5/1) non-calcareous 

Clay silty gray (5 Y 5/1) unoxidized, non-calcareous laminated 

Silt clayey gray (5 Y5/l)unoxidi2ed non-calcareous 

Silt clayey and clay, silty gray (5 Y5/1) unoxidi/ed non-calcareous. Large gypsumcrystalls 
Silt very sandy, fine sand, non-calcareous gray 

Silt very sandy gray 
Sand fine gray non-calcareous and sandy silt 

Silt sandy to sand fine, very silly gray (5 Y 6/1) unoxidized 

Silt and sand as above. Few black debris 

Silt sandy gray (5 Y6/l)non-calcareous 

Silt as above and silt clayey, gray non-calcareo us  
Silt sandy laminated gray (5 Y 5/1) non-calcareo us 

Qiìl link I Krr, . .m.oh n r . v í< V fJ'ÌS Silt light brownish gray (5 Y 6/2) 
Sill sandy tight gray (5 Y7/2) to light brownish-gray (5 Y6/2) unoxidiyed, non-calcareous 

Silt light gray (5 Y6/1), non-calcareous and silt clayey dark gray and gray (5 Y3/1 to 5 Y4/1) carbonaceous 
Clay silty, gray (5 Y5/1) non-calcareous 
Clay silty or silt clayey, gray, (5 Y 6/1) 

Silt sandy light gray to gray (5 Y7/1-6/1) non-calcareous 
NS 

Silt, sandy to very sandy or sand very silty, gray (5 Y7/1) non-calcareous 

Silt sandy, gray to light-gray (5 Y 7/1)  
Silt sandy light gray to gray (5 Y7/1) 

Upper 
Cretaceous 

Silt sandy, light gray 
Sill sandy and silt clayey gray, non-calcareous 

Silt sandy, gray, non-calcareo us 
Silt sandy and silt clayey gray, non-calcareous 

Silt and Clay 
Silt sandy light gray (5 Y7/1) and silt white to light gray (5 Y8/1-7/1) 

Silt and clayey silt gray and light gray non calcareous 
Silt light gray non calcareous 

Silt sandy to sand fine, very silty 

Silt sandy light gray (5 YII1), non-calcareo us 

Silt sandy light gray 5 Y7/1 and clay silty very dark gray (5 Y 3/1) non-calcareous 
Silt, sandy .gray p Y //1) non-calcareo us  

Silt clayey dark-gray (5 Y 4/1) carbonaceous  
Silt gray to light gray (5 YrV 1-5/1) carbonaceous 

iv 57Y7/2 and silt verv dark crav t" black (5 Y3/1-2/ 
— e..-, p — p . - j v - . - , 

Silt, light gray 5/Y7/2and silt very dark gray to black (5 Y3/1-2/1), laminated 
Silt light gray (5 Y 7/2) non calcareous 

Silt, sandy gray to dark pray (5 Y 5/1-4/1), non-calcareous 
Silt clayey dark gray ( 5 Y 4/1) 

Silt sandy light gray to gray (5 Y7/l-tVl) non-calcareous 

Silt as above and coal 
Sût, sandy, gray (5Y5/1) 

Silt sandy gray to sand very silty, gray 
Silt gray to clay silty, gray  

Clay silty gray (5 Y 5/1) non-calcareous 
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Borehole 24. 

Borehole 24 is situated on the Southern shore of Springwater Lake. Drilled on September 24,2KK). Ground Elevation : 68().234 m 
Note Well Construction 

Depth Interval (ft) Depth Interval (m) Lithology (Driller's Log) 
Note Well Construction 

from to from to 
Lithology (Driller's Log) 

Note 

0 15 0 4.572 
Fill Piezometer 

0 15 0 4.572 Till, brown, sandy 

2 3/8 PVC 
sch 80 pipe 

15 31 4.572 9.4488 

2 3/8 PVC 
sch 80 pipe 

15 31 4.572 9.4488 Till, gray, rocks between 20 ft and 30 ft ) 

2 3/8 PVC 
sch 80 pipe 

31 37 9.4488 11.2776 Sand, medium to carse, some pebbeis 

2 3/8 PVC 
sch 80 pipe 

37 48 11.2776 14.6304 Silt, brown 

2 3/8 PVC 
sch 80 pipe 

48 80 14.6304 24.384 Clay, gray 

2 3/8 PVC 
sch 80 pipe 

8() 110 24.384 33.528 Sand, very dirty 

2 3/8 PVC 
sch 80 pipe 

110 147 33.528 44.8056 Till, gray 2 3/8 PVC 
sch 80 pipe 

110 147 33.528 44.8056 Till, gray 
s. 

::: 11 

1 
a 
n 
t 

c 
. e 

c : 

n 
t 

2 3/8 PVC 
sch 80 pipe 

147 156 44.8056 47.5488 Sand, gray, brown, medium to coaree, some pebbeis 

s. 
::: 11 

1 
a 
n 
t 

c 
. e 

c : 

n 
t 

2 3/8 PVC 
sch 80 pipe 

156 160 47.5488 48.768 Sand and till interbcds 

s. 
::: 11 

1 
a 
n 
t 

c 
. e 

c : 

n 
t 

2 3/8 PVC 
sch 80 pipe 

160 180 48.768 54.864 Till gray 

s. 
::: 11 

1 
a 
n 
t 

c 
. e 

c : 

n 
t 

2 3/8 PVC 
sch 80 pipe 

180 195 54.864 59.436 Till, gray, pebbly 

s. 
::: 11 

1 
a 
n 
t 

c 
. e 

c : 

n 
t 

2 3/8 PVC 
sch 80 pipe 

195 200 59.436 60,96 Sand mediumto fine 
e 
r 
o 

2 3/8 PVC 
sch 80 pipe 

200 207 60.96 63.0936 Till gray very sandy 
e 
r 
o 

2 3/8 PVC 
sch 80 pipe 

207 219 63.0936 66.7512 Till, gray 

2 3/8 PVC 
sch 80 pipe 

219 258 66.7512 78.6384 Till grey, firm 

2 3/8 PVC 
sch 80 pipe 

219 258 66.7512 78.6384 Till grey, firm 

TOS=77.4 m Sandpac 

219 258 66.7512 78.6384 Till grey, firm 

k 12/2() 2 3/8 S ( » l » i 
Steel Screen 

258 263 78.6384 80.1624 Sand grey, medium to fine BOS =80.5 m Quatz 
2 3/8 S ( » l » i 

Steel Screen 

265 270 80.772 82.2% Till grey very sandy 
EOH=83.8 

Sand ¿UIlíipUCK 

12/20 Quatz 
Sand and 
Soueh 
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Borehole 25. 

Borehole 25 is situated on the Southern shore of UydenLake. Drilled on September 24,2000. Ground Eevation : 679.734 m 
Note Well Construction 

Depth Interval (ft) Depth Interval (m) Lithology (Driller's Log) 
Note Well Construction 

from to from to 
Lithology (Driller's Log) 

Note Well Construction 

0 15 0 4.572 TiH, brown, sandy 
Fill Piezometer 

0 15 0 4.572 TiH, brown, sandy 
H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 

15 31 4.572 9.4488 Till, gray, rocks between 30 ft and 40 ft 

H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 

31 37 9.4488 11.2776 Sand, medium to carse, some pebbels 

H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 

37 48 11.2776 14.6304 Silt, brown 

H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 48 80 14.6304 24.384 day, gray 

H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 

80 110 24.384 33.528 Sand, very dirty with till interbeds 

H 

• 
D 
. S 

n 
C :: ::: : 0 1 

u 
s t 

H C 
U 
1 « 

:" 

2 3/8 PVC 
sch 80 pipe 

no 147 33.528 44.8056 TOI, gray 
T0S=37.6m 

Sandpack 
12/2() 
Qu.il/  
Sand 

2 3/8 PVC 
sch 80 pipe 

no 147 33.528 44.8056 TOI, gray 
BOS =40.7 m 

Sandpack 
12/2() 
Qu.il/  
Sand 

2 3/8 Stante» 
Steel Screen 

no 147 33.528 44.8056 TOI, gray Sandpack 
12/2() 
Qu.il/  
Sand 

Sandpack 
12/20 
Quatz 

Sand and 
Slouch 

147 156 44.8056 47.5488 Sand, grey, brown, medium to coarse 

Sandpack 
12/2() 
Qu.il/  
Sand 

Sandpack 
12/20 
Quatz 

Sand and 
Slouch 156 159 47.5488 48.4632 Sand and till interbeds EOH=48.8 m 

Sandpack 
12/2() 
Qu.il/  
Sand 

Sandpack 
12/20 
Quatz 

Sand and 
Slouch 

http://Qu.il/
http://Qu.il/
http://Qu.il/
http://Qu.il/
http://Qu.il/
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Borehole 26 (page 1 of 2) 

•Borehole 26 is situated on Ibe Southern sbure of Springwater Lake. Drilled on September 22.2000. Graund Bevi 

Ijcpth Internal 

-TTT7 

4T¡T 

47.24 

50.29 

57.9] 

MOI  
73"5T 

74.6X 

77.72 

5~24 

41.15 
42.67 
44.20 IsTf 
47.24 
I D T 

S4.Hr, 

76.20 
TfTf 

ES 

LiUwtogy (by by M Nhtbí) 

Till s iky to sandy, onlized. light yclbwisb-brown (2J Y6/3), calcareous 

Till silly to sandy, unowJucd, light y cito wis h-brown (2.5 Y 5/2). calcareous 

well to poorly sorted, sub-angular, fine to mcdiu 
Sand, as above and silt, sandy (5/Y7/2). tight g md olive yelkm (2-5 Y tVW, calcareous. 

Silt, sandy Q$ Y 7/4} pale yellow, calcareous, slamed surface  
Silt as above and clay, silty (5 Y5/2)olive gray calcar 

Clay, silty (5 Y6/2)tight ohve gray,calcareous 

Clay, s iky (5 VS/2Ì olive gray calcareous 

Clay, silly (5 Y6/2) light olive gray, calcareous 

Sand very fine to fine well sorted, sub-rounde<J, calcareous, inter-trued with till, sandy (5 Y 5/2,. ulive gray, calcareous 

Sand very fine lo fine well sorted, sub-rounded, calcareous, inter-maed with till, sandy (5 Y 6/2), olive gray, calcareous 
Sand very fine to fine well sorted, suh-rounded. çak ireou 

Sand very fine to fine well sorted, suh-nwnded, calcareous, imcr-múcd with till, sandy (5 Y 6/2), o uve erav. càlci -rouncicu, calcareous, i . . .  
Till, sandy. (S Y 6/1). gray, calcareous  
Till, sandy, (5 Y5/1). gray, calcareous 
Till, sandy. (S Y6/1), gray, calcareous 

TUL sandy. (5 Y5/1). gray, calcareous 

Till as above, mtermbed with sand, fine, relatively well sorted, sub-rounded to sub-angular, calcar 

Sand as above 

Sand, fine lo nie J in sub-angular, poorly sorted, calcareous 

Tul sandy (5 Y 5/1), gray, calcareous 

TilL sandy (5 Y5/2) olive gray, calcareous 

Till as above, with sand." 
iiinded. well sorted, t 

it h (ill silly to sandy (5 Y 6/2), tight olive-gray, calcai 

TilL silty to sandy (S Y5/2). tight t,live-gray, calcareous 

Sand fine grained, well sorted, sub-rounded, calcareous 

Sand fine to medium grained, relatively well sorted, sub-rounded, calcai 

Sand fine grained, well sorted, sub-rounded, calcareous. .\i/i stimivi S Y 6/2), Ughi olive gray 

Sand fine to rpedium grained, relatively well sorted, suh-munded. calcareous. Sill t .Wv/5 Y6/2). liiht olivi 
y sandy f5 Y5/2) olive gray, calcareous. Till .randy ÍS Y5/2Ì olive rrav 

Till, sandy (5 Y5/2) olive gray 

TilL silty to sandy (5 Y 5/2) olive gray 

Till, sillv to sandy (5 Y 5/1) gray, calcareous 

TUL silty to sandy (5 Y 5/2) olive gray, calcareous 

Till, silty to sandy (5 Y 5/2) olive gray, non-calcareous 

Silt, sandy (5 Y6/2) fight olive gray, non-ca Icáreo ui 

Total CO. 

S4.44 
51 « 

am 

UK 

i\.n 
214S 

mil  
T U T 

81.711 
10.13 arra 
n.14 

Total Carbonate Content mlig 
0 10 20 30 40 50 60 

E 50.00 
4 

Surficûu Stratified 
Deposits 

Upper Cretaceous 

http://S4.Hr
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Borehole 26 (page 2 of 2) 

Borehole 26 is situated on the Southern shore of Springwater Lake. Drilled on September 22,2000. Ground Elevation : 679.734 m 
Formation 

Depth Interval Lithology (by by M Mathé) 
Formation 

from to 
Lithology (by by M Mathé) 

115.82 117.35 
117.35 118.87 
118.87 120.40 Silt, sandy (5 Y7/2) light gray, non-cakareous to sand, fine to very fine, silty 
120.40 121.92 

Silt, sandy (5 Y7/2) light gray, non-cakareous to sand, fine to very fine, silty 

121.92 123.44 
123.44 124.97 
124.97 126.49 Silt, sandy (5 Y 6/2) light olive gray, non-calcareous 
126.49 128.02 

Silt, sandy (5 Y 6/2) light olive gray, non-calcareous 

128.02 129.54 Silt, sandy (5 Y5/2) olive gray, calcareous 
129.54 131.06 

Silt, sandy (5 Y5/2) olive gray, calcareous 

131.06 132.59 Silt, sandy (5 Y 6/2) light olive gray, calcareous 
132.59 134.11 Silt, sandy (5 Y 6/2) light olive gray, calcareous 

134.11 135.64 Silt, very sandy (5 Y 5/2) light olive gray, calcareous 
135.64 137.16 Silt, very sandy, clayey (5 Y 5/2) light olive gray, calcareous 
137.16 138.68 Silt, sandy (5 Y671) light gray, calcareous 
138.68 140.21 
140.21 141.73 
141.73 143.26 Upper 
143.26 144.78 Silt, sandy, clayey (5 Y 6/2) light olive gray, non-cakareous 

Cretaceous 
144.78 146.30 

Silt, sandy, clayey (5 Y 6/2) light olive gray, non-cakareous 

146.30 147.83 
147.83 149.35 
149.35 150.88 
150.88 152.40 SiiLsandy (5 Y6/2), light olive gray, non-cakareous 
152.40 153.92 
153.92 155.45 Silt, sandy (5 Y 5/2), olive gray, non-cakareous 
155.45 156.97 
156.97 158.50 Silt, sandy (5 Y6/2), light olive gray, non-cakareous 
158.50 160.02 

Silt, sandy (5 Y6/2), light olive gray, non-cakareous 

160.02 161.54 Silt, sandy (5 Y6/1), gray, non-cakareous 
161.54 163.07 day sUty, (5Y6/1), gray, non-cakareous 
163.07 164.59 Silt, sandy (5 Y4/1), dark gray and white, non-cakareous 
164.59 166.12 Silt, sandy (5 Y6/2), light olive gray, non-calcareous 
166.12 167.64 Silt, sandy (5 Y2.5/2), black, non-cakareous 
167.64 169.16 Silt, sandy (5 Y7/2), light gray, non-calcareous 
169.16 170.69 

Silt, sandy (5 Y7/2), light gray, non-calcareous 



APPENDIX B. PUMPING SCHEDULE AND FREE FLOW TEST. 

Piezometer 11. Pumping Schedule 

Notes Time Depth to water 
Static water level 8/15/2001 9:26 2.839 

8/15/2001 18:05 2.842 
8/16/2001 7:55 2.855 

Start Pumping 8/16/2001 18:28 2.722 
8/16/2001 18:28 2.800 
8/16/2001 18:28 3.300 
8/16V2001 18:29 3.600 
8/16/2001 18:29 3.900 
8/16/2001 18:29 4.100 
8/16/2001 18:30 4.300 
8/16/2001 18:30 4.500 
8/16/2001 18:30 4.700 
8/16/2001 18:31 5.000 
8/16/2001 18:31 5.200 
8/16/2001 18:32 5.400 
8/16/2001 18:33 5.600 
8/16/2001 18:33 5.800 
8/1672001 18:35 6.000 
8/16/2001 18:36 6.200 
8/16/2001 18:37 6.400 
8/16/2001 18:39 6.600 
8/16/2001 18:42 6.800 
8/16/2001 18:46 7.000 
8/^2001 18:53 7.200 
8/1^2001 19:02 7.400 

Flow through cell 8/16/2001 19:26 
hooked up 8/16/2001 19:20 7.600 

8/16/2001 19:37 7.800 
8/16/2001 20:12 7.920 

Stop Pumping 8/16/2001 20:12 7.920 
8/16/2001 20:13 7.800 
8/16/2001 20:13 7.700 
8/16/2001 20:13 7.600 
8/16*2001 20:13 7.500 
8/16Í2001 20:13 7.400 
8/16V2001 20:14 7.200 
8/16^001 20:14 7.100 
8/16/2001 20:14 7.000 
8/16/2001 20:15 6.900 
8/16/2001 20:15 6.800 
8/16/2001 20:15 6.700 
8/16/2001 20:15 6.600 
8/1672001 20:16 6.500 
8/16/2001 20:16 6.400 
8/16/2001 20:16 6.300 
8/16/2001 20:16 6.200 
8/16/2001 20:17 6.100 
8/16/2001 20:17 6.000 



Piezometer 11. Semilog plot and Hydraulic conductivity value. 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

K= 1.5*R-07 m/sec 

Q Q J J I I I I I I I I I I I I 

Time elapsed, t (sec) 



Piezometer 14. Pumping Schedule 

Notes Time Depth to water Notes Time Depth to water 
Static water level 8715/2001 9:30 2.864 8/16/2001 14:59 7.350 

8/15/2001 18:00 2.865 8/16/2001 15:04 7.400 
8/1672001 8:05 2.864 8/16/2001 15:15 7.350 

Start pumping 8/16/2001 14:23 2.525 8/16/2001 17:09 7.298 
8/16/2001 14:25 2.380 8/16/2001 17:20 7.296 
8/16/2001 14:27 2.880 Stop Pumping 8/16/2001 17:49 7.220 
8/16/2001 14:27 3.220 8/1672001 17:50 7.090 
8/16/2001 14:27 3.350 8/16/2001 17:50 7.082 
8/16/2001 1428 3.500 8/16/2001 17:50 7.078 
8/16/2001 14:28 3.700 8/16/2001 17:50 7.074 
8/16/2001 14:28 3.900 8/16/2001 17:50 7.070 
8/16/2001 14:28 4.100 8/16/2001 17:50 7.062 
8/16/2001 14:29 4.300 8/16/2001 17:51 6.500 
8/16/2001 14:29 4.500 8/16/2001 17:51 6.400 
8/16/2001 14:30 4.700 8/16/2001 17:51 6.300 
8/16/2001 14:30 4.900 8/16/2001 17:51 6.200 
8/16/2001 14:31 5.060 8/16/2001 17:51 6.100 
8/16/2001 14:33 5.350 8/16/2001 17:51 6.000 
8/16/2001 14:33 5.400 8/16/2001 17:52 5.900 
8/16/2001 14:34 5.500 8/16/2001 17:52 5.800 
8/16/2001 14:35 5.600 8/16/2001 17:52 5.700 
8/16/2001 14:36 5.700 8/16/2001 17:52 5.600 
8/16/2001 14:37 5.800 8/16/2001 17:53 5.500 
8/16/2001 14:38 5.900 8/16/2001 17:53 5.400 
8/16/2001 14:39 6.000 8/16/2001 17:53 5.300 
8/16/2001 14:41 6.100 8/16/2001 17:53 5.200 
8/16/2001 14:42 6.150 8/16/2001 17:54 5.100 
8/16/2001 14:43 6.200 8/16/2001 17:54 5.000 
8/16/2001 14:43 6.250 8/16/2001 17:54 4.900 
8/16/2001 14:44 6.300 8/16/2001 17:54 4.800 
8/16/2001 14:45 6.350 8/16/2001 17:55 4.700 
8/16/2001 14:45 6.400 8/16/2001 17:55 4.600 
8/16/2001 14:46 6.450 8/16/2001 17:56 4.500 
8/16/2001 14:46 6.500 8/16/2001 17:56 4.400 
8/16/2001 14:46 6.550 8/16/2001 17:56 4.300 
8/16/2001 14:47 6.600 8/16/2001 17:57 4.200 
8/16/2001 14:47 6.650 8/16/2001 17:57 4.100 
8/16/2001 14:48 6.750 8/16/2001 17:58 4.000 
8/16/2001 14:49 6.800 8/16/2001 17:59 3.900 
8/16/2001 14:49 6.850 8/16/2001 17:59 3.800 
8/16/2001 14:49 6.900 8/16/2001 18:00 3.700 
8/16/2001 14:51 7.000 8/16/2001 18:01 3.600 
8/16/2001 14:51 7.050 8/16/2001 18:02 3.500 
8/16/2001 14:52 7.100 8/16/2001 18:05 3.400 
8/16/2001 14:53 7.150 8/16/2001 18:11 3.300 
8/16/2001 14:55 7.200 8/16/2001 19:47 2.954 
8/16/2001 14:55 7.250 8/17/2001 8:15 2.947 
8/16/2001 14:57 7.300 8/17/2001 15:40 2.945 
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Piezometer 14. Semilog plot and Hydraulic conductivity value. 

0 2( )0 4( )0 600 8( )0 10 00 12 00 14 00 16 00 18 00 2000 
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'o 
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w 

O 

cd 
UH 

ta 03 

K=3 .4*fc-07 m/sec 

0.01 -
T ime ;lap sed, t (se c) 



Piezometer 15 Pumping Schedule.(page 1 of 2) 

Notes Time Depth to water Notes Time Depth to water 
8/15/2001 9:28 0.996 8/16/2001 12:56 9.320 

8/15/2001 18:03 1.000 8/16/2001 12:56 9.300 
8/16/2001 8:07 1.009 8/16/2001 12:56 9.280 

Start Pumping 8/16/2001 10:14 0.940 8/16/2001 12:57 9.260 
8/16/2001 10:14 1.110 8/16/2001 12:57 9.240 
8/16/2001 10:14 1.370 8/16/2001 12:57 9.220 
8/16/2001 10:14 1.580 8/16/2001 12:57 9.200 
8/16/2001 10:15 1.790 8/16/2001 12:57 9.180 
8/16/2001 10:15 2.010 8/16/2001 12:57 9.160 
8/16/2001 10:15 2.300 8/16/2001 12:57 9.140 
8/16/2001 10:16 2.550 8/16/2001 12:58 9.120 
8/16/2001 10:16 2.750 8/16/2001 12:58 9.100 
8/16/2001 10:16 3.050 8/16/2001 12:58 9.080 
8/1672001 10:17 3.250 8/16/2001 12:58 9.060 
8/16/2001 10:17 3.480 8/16/2001 12:58 9.040 
8/16/2001 10:17 3.700 8/16/2001 12:58 9.020 
8/16/2001 10:17 3.940 8/16/2001 12:59 9.000 
8/16/2001 10:18 4.050 8/16/2001 12:59 8.980 
8/16/2001 10:18 4.280 8/16/2001 12:59 8.960 
8/16/2001 10:18 4.500 8/16/2001 12:59 8.940 
8/16/2001 10:18 4.700 8/16/2001 12:59 8.920 
8/16/2001 10:19 4.950 8/16/2001 12:59 8.900 
8/16/2001 10:19 5.220 8/16/2001 13:00 8.880 
8/16/2001 10:20 5.730 8/16/2001 13:00 8.860 
8/16/2001 10:21 6.190 8/16/2001 13:00 8.840 
8/16/2001 10:21 6.400 8/16/2001 13:00 8.820 
8/16/2001 10:22 6.600 8/16/2001 13:00 8.800 
8/16/2001 10:22 6.800 8/16/2001 13:01 8.760 
8/16/2001 10:23 7.000 8/16/2001 13:01 8.740 
8/16/2001 10:23 7.200 8/16/2001 13:01 8.720 
8/16/2001 10:24 7.400 8/16/2001 13:01 8.700 
8/16/2001 10:24 7.600 8/16/2001 13:01 8.680 
8/16/2001 10:25 7.800 8/16/2001 13:01 8.660 
8/16/2001 10:25 8.000 8/16/2001 13:02 8.640 
8/16/2001 10:27 8.125 8/16/2001 13:02 8.620 
8/16/2001 10:27 8.090 8/16/2001 13:02 8.600 
8/16/2001 10:28 8.000 8/16/2001 13:02 8.580 
8/16/2001 10:38 8.575 8/16/2001 13:02 8.560 
8/16/2001 10:50 8.877 8/16/2001 13:03 8.550 
8/16/2001 10:51 8.891 8/16/2001 13:03 8.520 
8/16/2001 11:17 8.816 8/16/2001 13:03 8.500 
8/16/2001 11:40 8.851 8/16/2001 13:03 8.480 
8/16/2001 11:50 8.827 8/16/2001 13:03 8.460 
8/16/2001 12:20 8.982 8/16/2001 13:03 8.440 
8/16/2001 12:28 9.004 8/16/2001 13:04 8.420 

Stop the pump 8/16/2001 12:55 9.430 8/16/2001 13:04 8.400 
8/16/2001 12:56 9.380 8/16/2001 13:04 8.380 
8/16/2001 12:56 9.360 8/16/2001 13:04 8.360 
8/16/2001 12:56 9.340 8/16/2001 13:04 8.340 



Piezometer 15 Pumping Schedule.(page 2 of 2) 

Notes Time Depth to water Notes Time Depth to water 
8/1672001 13:05 8.320 8/16/2001 13:23 6.680 
8/16/2001 13:05 8.300 8/16/2001 13:23 6.640 
8/16/2001 13:05 8.260 8/16/2001 13:24 6.600 
8/16/2001 13:05 8.240 8/16/2001 13:24 6.560 
8/16/2001 13:05 8.220 8/16/2001 13:25 6.520 
8/16/2001 13:06 8.200 8/16/2001 13:25 6.480 
8/16/2001 13:06 8.180 8/16/2001 13:26 6.440 
8/16/2001 13:06 8.160 8/16/2001 13:26 6.400 
8/16/2001 13:06 8.140 8/16/2001 13:27 6.360 
8/16/2001 13:06 8.120 8/16/2001 13:28 6.320 
8/16/2001 13:07 8.100 8/16/2001 13:29 6.260 
8/16/2001 13:07 8.080 8/16/2001 13:29 6.220 
8/16/2001 13:07 8.060 8/16/2001 13:30 6.180 
8/16/2001 13:07 8.040 8/1672001 13:30 6.140 
8/16/2001 13:07 8.020 8/16/2001 13:31 6.100 
8/16/2001 13:08 8.000 8/16/2001 13:32 6.060 
8/16/2001 13:08 7.980 8/16/2001 13:32 6.020 
8/16/2001 13:08 7.960 8/1672001 13:33 5.980 
8/16/2001 13:08 7.940 8/16/2001 13:34 5.940 
8/16/2001 13:08 7.920 8/16/2001 13:35 5.900 
8/16/2001 13:09 7.900 8/16/2001 13:36 5.860 
8/16/2001 13:09 7.880 8/16/2001 13:36 5.780 
8/16/2001 13:09 7.860 8/16/2001 13:37 5.740 
8/16/2001 13:09 7.840 8/16/2001 13:38 5.700 
8/16/2001 13:09 7.820 8/16/2001 13:39 5.660 
8/16/2001 13:10 7.800 8/16/2001 13:39 5.620 
8/16/2001 13:10 7.780 8/16/2001 13:40 5.580 
8/16/2001 13:10 7.760 8/16/2001 13:41 5.540 
8/16/2001 13:10 7.740 8/16/2001 13:42 5.500 
8/16/2001 13:10 7.720 8/16/2001 13:42 5.460 
8/16/2001 13:11 7.700 8/16/2001 13:43 5.420 
8/16/2001 13:11 7.680 8/16/2001 13:44 5.380 
8/16/2001 13:11 7.660 8/16/2001 13:45 5.340 
8/16/2001 13:11 7.640 8/16/2001 13:46 5.300 
8/16/2001 13:11 7.620 8/16/2001 13:47 5.260 
8/16/2001 13:12 7.600 8/16/2001 13:47 5.220 
8/16/2001 13:12 7.580 8/16/2001 13:48 5.180 
8/16/2001 13:12 7.560 8/16/2001 13:49 5.140 
8/16/2001 13:13 7.520 8/16/2001 13:50 5.100 
8/16/200! 13:13 7.480 8/16/2001 13:51 5.060 
8/16/2001 13:13 7.440 8/16/2001 13:52 5.020 
8/16/2001 13:14 7.400 8/16/2001 13:56 4.860 
8/16/2001 13:14 7.360 8/16/2001 14:04 4.560 
8/16/2001 13:15 7.320 8/16/2001 14:15 4.260 
8/16/2001 13:15 7.280 8/16/2001 14:21 4.100 
8/16/2001 13:16 7.240 8/16/2001 15:05 3.424 
8/16/2001 13:16 7.200 8/16/2001 15:14 3.350 
8/16/2001 13:17 7.160 8/16/2001 15:25 3.279 
8/16/2001 13:17 7.120 8/16/2001 15:46 3.173 
8/16/2001 13:18 7.080 8/16/2001 15:56 3.137 
8/16/2001 13:18 7.040 8/16/2001 16:13 3.094 
8/16/2001 13:19 7.000 8/16/2001 16:17 3.086 
8/16/2001 13:19 6.960 8/16/2001 16:25 3.073 
8/16/2001 13:19 6.920 8/16/2001 17:07 3.052 
8/16/2001 13:20 6.900 8/16/2001 17:07 3.036 
8/16/2001 13:21 6.860 8/16/2001 17:21 3.027 
8/16/2001 13:21 6.820 8/16/2001 18:12 3.014 
8/16/2001 13:22 6.760 8/16/2001 19:48 2.980 
8/16/2001 13:22 6.720 8/17/2001 8:15 2.918 

1 8/17/2001 15:42 2.869 



Piezometer 15. Semilog plot and Hydraulic conductivity value. 
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Piezometer 16 Pumping Schedule 

Notes Time Depth to water 
8/15/2001 10:12 2.123 
8/15/2001 17:52 2.123 
8/16/2001 8:14 2.120 

Start Pumping 8/16/2001 8:44 1.654 
8/16/2001 8:44 2.091 
8/16/2001 8:45 2.145 
8/16/2001 8:45 2.173 
8/16/2001 8:49 2.410 
8/16/2001 8:49 2.446 
8/16/2001 8:49 2.475 
8/16/2001 8:50 2.500 
8/16/2001 8:50 2.550 
8/16/2001 9:05 7.000 
8/16/2001 9:06 6.880 
8/16/2001 9:10 6.925 

Stop pumping 8/16/2001 9:20 8.230 
8/16/2001 19:54 4.636 
8/17/2001 8:16 3.282 
8/17/2001 15:48 3.023 

Piezometer 16. Semilog plot and Hydraulic conductivity value. 



Piezometer 17 Pumping Schedule 

Notes Time Depth to water Notes Time Depth to water 
8/15/2001 10:10 4.301 8/15/2001 14:45 6.900 
8/15/2001 12:57 4.299 8/15/2001 14:49 6.900 

Start Pumping 8/15/2001 13:22 4.299 8/15/2001 14:57 6.916 
8/15/2001 13:24 5.565 8/15/2001 15:00 6.931 
8/15/2001 13:24 5.701 8/15/2001 15:05 6.942 
8/15/2001 13:25 5.740 Shut down 8/15/2001 15:09 
8/15/2001 13:25 5.800 Re-Start 8/15/2001 15:10 6.440 
8/15/2001 13:25 5.872 8/15/2001 15:12 6.725 
8/15/2001 13:26 5.890 8/15/2001 15:12 6.780 
8/15/2001 13:26 5.910 8/15/2001 15:13 6.820 
8/15/2001 13:27 5.930 8/15/2001 15:14 6.865 
8/15/2001 13:27 5.950 8/15/2001 15:14 6.880 
8/15/2001 13:27 5.970 8/15/2001 15:15 6.910 
8/15/2001 13:28 6.000 8/15/2001 15:16 6.930 
8/15/2001 13:29 6.025 8/15/2001 15:18 6.950 
8/15/2001 13:29 6.050 8/15/2001 15:19 6.962 
8/1V2001 13:30 6.075 8/15/2001 15:21 6.970 
8/15/2001 13:32 5.750 8/15/2001 15:29 6.986 
8/15/2001 13:33 5.810 8/15/2001 15:35 6.987 
8/15/2001 13:34 5.810 8/15/2001 15:41 6.993 
8/15/2001 13:34 5.909 8/15/2001 15:44 7.002 
8/15/2001 13:34 6.105 8/15/2001 15:51 7.036 
8/15/2001 13:35 6.125 8/15/2001 15:55 7.042 
8/15/2001 13:35 6.140 8/15/2001 15:58 7.052 
8/15/2001 13:36 6.160 8/15/2001 16:11 7.074 
8/15/2001 13:37 6.180 8/15/2001 16:21 7.091 
8/15/2001 13:38 6.200 8/15/2001 16:51 
8/1V2001 13:39 6.235 8/15/2001 17:11 7.129 
8/15/2001 13:40 6.260 Stop the Pump 8/15/2001 17:12 7.129 
8/15/2001 13:41 6.282 8/15/2001 17:12 7.060 
8/15/2001 13:42 6.305 8/15/2001 17:12 6.950 
8/15/2001 13:43 6.330 8/15/2001 17:13 6.850 
8/15/2001 13:44 6.350 8/15/2001 17:13 6.750 
8/15/2001 13:47 6.390 8/15/2001 17:13 6.650 
8/15/2001 13:49 6.445 8/15/2001 17:13 6.550 
8/15/2001 13:51 6.470 8/15/2001 17:14 6.450 
8/15/2001 13:53 6.500 8/15/2001 17:14 6.350 
8/15/2001 13:55 6.520 8/15/2001 17:14 6.250 
8/15/2001 13:56 6.540 8/15/2001 17:15 6.150 
8/15/2001 13:57 6.560 8/15/2001 17:15 6.050 
8/15/2001 13:59 6.582 8/15/2001 17:15 5.950 
8/15/2001 14:00 6.600 8/15/2001 17:16 5.850 
8/15/2001 14:02 6.630 8/15/2001 17:17 5.750 
8/15/2001 14:03 6.640 8/15/2001 17:18 5.650 
8/15/2001 14:04 6.660 8/15/2001 17:19 5.550 
8/15/2001 14:06 6.680 8/15/2001 17:20 5.450 
8/15/2001 14:08 6.700 8/15/2001 17:22 5.350 
8/15/2001 14:10 6.720 8/15/2001 17:25 5.250 
8/15/2001 14:13 6.740 8/15/2001 17:28 4.990 
8/15/2001 14:18 6.780 8/15/2001 17:41 5.051 
8/15/2001 14:21 6.800 8/15/2001 17:50 5.058 
8/15/2001 14:25 6.820 8/16/2001 8:12 4.480 
8/15/2001 14:31 6.840 8/16/2001 19:53 4.422 
8/15/2001 14:39 6.860 8/17/2001 8:15 4.389 
8/15/2001 14:42 6.880 8/17/2001 15:47 4.382 
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Piezometer 17. Semilog plot and Hydraulic conductivity value 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Time elapsed, t (sec) 



Piezometer 13. Free Flow Test Results 

Elevation head: 667.91291 (Static water level) 

Time Elapsed 
Time 

Measured 
Flowrate, 
ml/min 

Comment 

14:09:00 Opened well head 
14:10:30 0:01:30 94 
14:11:30 0:02:30 96 
14:12:30 0:03:30 86 
14:13:30 0:04:30 80 
14:14:30 0:05:30 79 
14:15:30 0:06:30 79 
14:18:00 0:09:00 75 
14:20:00 0:11:00 72 
14:23:00 0:14:00 70 
14:26:00 0:17:00 69 
14:31:00 0:22:00 66.5 
14:36:00 0:27:00 64 
14:41:00 0:32:00 63.5 
14:51:00 0:42:00 63 
15:01:00 0:52:00 61.5 
15:11:00 1:02:00 60.5 
15:21:00 1:12:00 60.5 
15:41:00 1:32:00 59 
16:01:00 1:52:00 58.5 
16:41:00 2:32:00 57 
17:00:00 2:51:00 57 
17:21:00 3:12:00 57 



Piezometer 13. Free Flow Test Results 
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APPENDIX C. RESISTANCE MEASURMENTS AND RESISTIVITY (page 1 of 2) 

Sample 
corrected 
length, 

mm 

Resistance, Om Resistivity, Om*m average 
resistivity 

Om*m 
Sample 

corrected 
length, 

mm 
parallel series parallel series 

average 
resistivity 

Om*m 
Sample 

corrected 
length, 

mm 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 

average 
resistivity 

Om*m 
9-4A 13.0 490.0 397.0 375.0 467.0 393.0 373.0 107.2 86.9 82.1 102.2 86.0 81.6 84.1 
1-4 A 14.0 16.0 10.0 10.0 12.0 10.2 9.9 3.3 2.0 2.0 2.4 2.1 2.0 2.0 
2-9B 17.0 40.0 37.0 36.0 39.0 37.0 37.0 6.7 6.2 6.0 6.5 6.2 6.2 6.1 
3-6B 12.0 51.0 48.0 47.0 51.0 48.0 47.0 12.1 11.4 11.1 12.1 11.4 11.1 11.3 
9-6A 11.0 86.0 55.0 48.0 70.3 52.2 47.6 22.2 14.2 12.4 18.2 13.5 12.3 13.1 
3-2B 13.0 259.0 244.0 238.0 257.0 244.0 238.0 56.7 53.4 52.1 56.2 53.4 52.1 52.7 
1-4B 12.5 13.0 7.0 7.0 8.0 7.0 7.0 3.0 1.6 1.6 1.8 1.6 1.6 1.6 
2-2B 14.5 342.0 310.0 299.0 341.0 310.0 299.0 67.1 60.8 58.7 66.9 60.8 58.7 59.7 
2-14B 18.0 99.0 96.0 94.0 98.7 96.2 94.3 15.6 15.2 14.9 15.6 15.2 14.9 15.0 
1-2B 17.5 298.0 279.0 272.0 292.0 277.0 270.0 48.4 45.4 44.2 47.5 45.0 43.9 44.6 
9-6B 15.0 40.0 35.0 34.0 37.3 34.5 33.8 7.6 6.6 6.4 7.1 6.5 6.4 6.5 
9-5B 18.0 96.0 85.0 82.0 92.7 84.2 81.5 15.2 13.4 13.0 14.7 13.3 12.9 13.1 
6-3A 17.5 99.0 94.0 92.0 97.5 93.8 91.8 16.1 15.3 15.0 15.8 15.2 14.9 15.1 
1-5B 19.0 12.0 9.0 9.0 10.3 9.3 9.2 1.8 1.3 1.3 1.5 1.4 1.4 1.4 
3-11B 16.5 61.0 57.0 56.0 58.9 57.0 55.9 10.5 9.8 9.7 10.2 9.8 9.6 9.7 
1-11. 9.0 52.0 46.0 44.0 49.7 45.4 43.9 16.4 14.5 13.9 15.7 14.4 13.9 14.2 
1-8 9.5 25.0 21.0 21.0 23.2 21.3 20.6 7.5 6.3 6.3 6.9 6.4 6.2 6.3 
2-6A 9.5 16.0 11.0 10.0 12.7 10.8 10.2 4.8 3.3 3.0 3.8 3.2 3.1 3.1 
2-15B 18.0 103.0 100.0 99.0 102.7 100.9 99.3 16.3 15.8 15.6 16.2 15.9 15.7 15.8 
1-12. 9.0 41.0 39.0 38.0 40.1 38.4 37.6 13.0 12.3 12.0 127 12.1 11.9 12.1 
1-1A 15.0 76.0 71.0 70.0 73.9 70.8 69.1 14.4 13.5 13.3 14.0 13.4 13.1 13.3 
3-2A 18.0 95.0 91.0 89.0 92.4 90.3 88.2 15.0 14.4 14.1 14.6 14.3 13.9 14.2 
2-1.5 A 10.0 56.0 54.0 53.0 55.5 53.2 52.4 15.9 15.4 15.1 15.8 15.1 14.9 15.1 
3-9C 18.0 47.0 45.0 44.0 46.2 44.5 43.7 7.4 7.1 7.0 7.3 7.0 6.9 7.0 
2-12A 10.0 79.0 68.0 64.0 74.7 67.1 64.0 22.5 19.3 18.2 21.3 19.1 18.2 18.7 
3-5A 11.5 86.0 74.0 71.0 83.3 74.0 70.6 21.3 18.3 17.6 20.6 18.3 17.5 17.9 
2-5A 13.0 19.0 17.0 16.0 17.7 16.5 16.3 4.2 3.7 3.5 3.9 3.6 3.6 3.6 
3-4A 17.0 1820 177.0 173.0 182.0 176.8 172.9 30.5 29.6 29.0 30.5 29.6 28.9 29.3 
2-1 OB 15.0 30.0 28.0 27.0 29.1 27.9 27.6 5.7 5.3 5.1 5.5 5.3 5.2 5.2 
2-6B 14.0 22.0 17.0 16.0 18.9 16.3 15.4 4.5 3.5 3.3 3.8 3.3 3.1 3.3 
2-4C 10.5 66.0 56.0 54.0 62.8 56.1 54.0 17.9 15.2 14.6 17.0 15.2 14.6 14.9 
3-7B 11.0 43.0 39.0 37.0 41.5 38.4 37.1 11.1 10.1 9.6 10.7 9.9 9.6 9.8 
2-3A 19.0 558.0 532.0 520.0 550.0 528.0 517.0 83.5 79.7 77.9 82.4 79.1 77.4 78.5 
1-6B 10.0 10.0 6.0 6.0 6.8 5.7 5.5 2.8 1.7 1.7 1.9 1.6 1.6 1.7 
2-7B 11.0 20.0 17.0 17.0 18.4 16.8 16.4 5.2 4.4 4.4 4.8 4.4 4.2 4.3 
3-1A 16.0 299.0 247.0 231.0 291.0 247.0 231.0 53.2 43.9 41.1 51.7 43.9 41.1 42.5 
1-10. 9.5 82.0 71.0 67.0 79.2 70.9 67.5 24.6 21.3 20.1 23.7 21.2 20.2 20.7 
2-1A 14.5 164.0 126.0 116.0 155.1 126.7 116.4 32.2 24.7 22.8 30.4 24.9 22.8 23.8 
3-11A 12.8 33.0 30.0 30.0 32.2 30.5 29.8 7.4 6.7 6.7 7.2 6.8 6.6 6.7 
2-8A 12.0 32.0 28.0 28.0 30.5 28.3 27.6 7.6 6.6 6.6 7.2 6.7 6.5 6.6 
1-7. 11.5 21.0 14.0 13.0 16.4 13.8 13.1 5.2 3.5 3.2 4.1 3.4 3.3 3.3 
2-7A 17.8 25.0 23.0 22.0 23.7 22.5 22.1 4.0 3.7 3.5 3.8 3.6 3.5 3.6 
2-2A 13.8 103.0 95.0 92.0 100.7 93.8 90.7 21.3 19.7 19.0 20.8 19.4 18.8 19.2 
3-1B 10.8 88.0 73.0 69.0 83.6 71.8 68.2 23.3 19.3 18.3 22.1 19.0 18.0 18.7 
1-1B 18.5 124.0 121.0 117.0 123.7 120.4 116.9 19.1 18.6 18.0 19.0 18.5 18.0 18.3 
3-5B 12.0 51.0 46.0 44.0 48.6 45.1 43.7 12.1 10.9 10.4 11.5 10.7 10.4 10.6 
2-4A 28.5 833.0 799.0 785.0 825.0 795.0 781.0 83.2 79.8 78.4 82.4 79.4 78.0 78.9 
2-5B 18.5 20.0 16.0 16.0 17.7 16.1 15.8 3.1 2.5 2.5 27 2.5 2.4 2.5 
1-2A 17.0 84.0 81.0 79.0 82.9 80.3 78.2 14.1 13.6 13.2 13.9 13.4 13.1 13.3 
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APPENDIX C. RESISTANCE MEASURMENTS AND RESISTIVITY (page 2 of 2) 

Sample 
corrected 
length, 

mm 

Resistance, Om Resistivity, Om*m average 
resistivity, 

Om*m 
Sample 

corrected 
length, 

mm 
parallel series parallel series 

average 
resistivity, 

Om*m 
Sample 

corrected 
length, 

mm 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 120 Hz 1 kHz 10 kHz 

average 
resistivity, 

Om*m 
1-9. 10.5 42.0 36.0 35.0 39.8 36.2 35.0 11.4 9.8 9.5 10.8 9.8 9.5 9.6 
3-8A 17.8 96.0 91.0 89.0 94.7 90.8 88.9 15.4 14.6 14.3 15.2 14.6 14.2 14.4 
3-3B 20.3 518.0 503.0 495.0 511.0 498.0 489.0 72.8 70.7 69.5 71.8 70.0 68.7 69.7 
3-8B 22.5 131.0 123.0 121.0 129.7 123.3 120.8 16.6 15.6 15.3 16.4 15.6 15.3 15.4 
3-3A 18.0 669.0 647.0 637.0 659.0 640.0 631.0 105.7 102.3 100.7 104.2 101.2 99.7 101.0 
2-9A 16.8 47.0 42.0 41.0 45.4 42.1 41.1 8.0 7.1 7.0 7.7 7.2 7.0 7.1 
2-14A 14.0 51.0 48.0 47.0 49.9 47.6 46.5 10.4 9.8 9.6 10.1 9.7 9.4 9.6 
2-8B 16.5 48.0 46.0 46.0 47.8 46.4 45.8 8.3 7.9 7.9 8.2 8.0 7.9 7.9 
2-10A 14.3 27.0 25.(1 25.0 26.3 25.2 24.8 5.4 5.0 5.0 5.3 5.0 5.0 5.0 
2-11A 11.5 180.0 151.0 138.0 172.0 146.2 134.8 44.5 37.4 34.1 42.5 36.2 33.3 35.3 
1-3A ¡8.8 408.0 399.0 392.0 412.0 396.0 389.0 61.9 60.5 59.5 62.5 60.1 59.0 59.8 
3-6A 17.5 151.0 122.0 114.0 145.3 120.9 113.9 24.5 19.8 18.5 23.6 19.7 18.5 19.1 
1-3B 24.0 644.0 620.0 604.0 641.0 618.0 602.0 76.3 73.5 71.6 76.0 73.3 71.4 72.4 
1-5 A 17.0 11.0 8.0 8.0 9.1 7.9 7.7 1.8 1.3 1.3 1.5 1.3 1.3 1.3 
1-6A 15.0 11.0 8.0 7.0 8.8 7.4 7.2 2.1 1.5 1.3 1.7 1.4 1.4 1.4 
2-1B 16.0 90.0 76.0 72.0 87.8 75.5 71.6 16.0 13.5 12.8 15.6 13.4 12.7 13.1 
2 t̂B 9.8 47.0 38.0 35.0 43.6 37.2 35.0 13.7 11.1 10.2 12.7 10.9 10.2 10.6 
3-9B 16.5 N/A N/A N/A 41.0 39.0 38.0 7.1 6.7 6.6 6.8 
9-4B 12.0 N/A N/A N/A 65.3 65.1 66.6 15.5 15.4 15.8 15.6 
3-10. 17.3 107.0 89.0 84.0 104.2 88.8 84.2 17.6 14.7 13.9 17.2 14.6 13.9 14.3 
3-12B 10.5 58.0 50.0 48.0 55.4 50.1 48.1 15.7 13.5 13.0 15.0 13.6 13.0 13.3 
3-9A 16.8 56.0 53.0 52.0 54.8 52.2 51.2 9.5 9.0 8.8 9.3 8.9 8.7 8.8 
3-12A 11.0 43.0 40.0 39.0 42.0 39.9 38.9 11.1 10.3 10.1 10.9 10.3 10.1 10.2 
3-7A 15.8 64.0 61.0 59.0 62.5 59.9 58.5 11.6 11.0 10.7 11.3 10.8 10.6 10.8 
3-4B 15.0 106.0 95.0 91.0 103.3 94.8 91.0 20.1 18.0 17.3 19.6 18.0 17.3 17.6 
6-2A 15.5 360.0 253.0 222.0 352.0 250.0 220.0 66.1 46.4 40.7 64.6 45.9 40.4 43.4 
7-9A 21.3 1O4.0 101.0 98.0 103.6 100.6 98.1 13.9 13.5 13.1 13.9 13.5 13.1 13.3 
9-3A 12.0 73.0 62.0 60.0 70.1 62.1 59.3 17.3 14.7 14.2 16.6 14.7 14.1 14.4 
6-4A 13.8 56.0 53.0 51.0 54.5 52.2 51.1 11.6 11.0 10.6 11.3 10.8 10.6 10.7 
9-2B 15.0 27.0 24.0 24.0 25.9 24.2 23.7 5.1 4.6 4.6 4.9 4.6 4.5 4.5 
7-8A 16.0 57.0 51.0 49.0 54.5 50.5 48.8 10.1 9.1 8.7 9.7 9.0 8.7 8.9 
9-2A 19.0 37.0 32.0 31.0 34.2 31.4 30.6 5.5 4.8 4.6 5.1 4.7 4.6 4.7 
6̂ 1B 17.0 101.0 96.0 94.0 98.8 95.6 93.8 16.9 16.1 15.7 16.5 16.0 15.7 15.9 
7-6B 14.0 54.0 45.0 43.0 50.6 44.4 42.3 11.0 9.1 8.7 10.3 9.0 8.6 8.9 
6-3B 17.8 94.0 84.0 81.0 90.3 83.2 80.2 15.1 13.5 13.0 145 13.3 12.9 13.2 
6-5B 13.8 35.0 30.0 29.0 33.0 30.2 29.3 7.2 6.2 6.0 6.8 6.2 6.1 6.1 
6-1A 20.0 7900.0 5520.0 4560.0 2990.0 5230.0 4290.0 1123.7 785.2 648.6 425.3 743.9 610.2 697.0 
9-3B 18.0 275.0 251.0 244.0 272.0 251.0 244.0 43.5 39.7 38.6 43.0 39.7 38.6 39.1 
9-1 OA 8.5 45.0 41.0 40.0 43.5 40.5 39.2 15.1 13.7 13.4 14.6 13.6 13.1 13.4 
9-5A 13.0 47.0 41.0 39.0 44.5 40.4 38.9 10.3 9.0 8.5 9.7 8.8 8.5 8.7 
9-9A 11.3 231.0 169.0 140.0 227.0 166.9 138.6 58.4 42.7 35.4 57.4 42.2 35.0 38.8 
9-8A 12.8 58.0 48.0 46.0 53.6 47.9 45.8 12.9 10.7 10.3 12.0 10.7 10.2 10.5 
7-1 OA 9.5 67.0 58.0 55.0 64.3 57.7 55.0 20.1 17.4 16.5 19.3 17.3 16.5 16.9 
7-7B 11.8 41.0 38.0 37.0 39.7 37.8 36.9 9.9 9.2 9.0 9.6 9.2 8.9 9.1 
6-2B 16.3 84.0 80.0 78.0 82.4 79.1 77.1 14.7 14.0 13.7 14.4 13.8 13.5 13.8 
7-6A 9.8 0.0 28.0 27.0 20.6 27.7 26.3 0.0 8.2 7.9 6.0 8.1 7.7 8.0 
7-11A 12.3 62.0 57.0 55.0 60.0 56.2 54.5 14.4 13.2 12.8 13.9 13.1 12.7 12.9 
9-1A 16.3 3520.0 2510.0 2100.0 0.0 0.0 2030.0 616.2 439.4 367.6 0.0 0.0 355.4 387.5 
9-8B 12.8 31.0 29.0 28.0 30.1 28.4 27.7 6.9 6.5 6.2 6.7 6.3 6.2 6.3 
5-5A 16.3 59.0 53.0 51.0 56.7 52.6 51.0 10.3 9.3 8.9 9.9 9.2 8.9 9.1 
7-7A 12.5 42.0 39.0 38.0 40.9 39.0 38.0 9.6 8.9 8.6 9.3 8.9 8.6 8.8 
6-1B 13.0 224.0 166.0 144.0 217.0 164.0 142.01 49.0 36.3 31.5 47.5 35.9 31.1 33.7 
9-IB 17.0 295.0 223.0 197.0 290.0 222.0 195.0 49.4 37.3 33.0 48.5 37.2 32.6 35.0 
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APPENDIX D. EFFECTS OF TEMPERATURE AND EFFECTIVE STRESS ON 

B U L K SOIL RESISTIVITY OF SAMPLES 

Laboratory measurements of bulk soil resistivity: effects of temperature 

To study effects of temperature on the value of resistivity for samples measurements 

were performed on saturated sands, which were prepared from coarse quartz sand 

(between 1 and 2 mm in diameter) samples saturated with solutions of K2SO4. Coarse 

quartz sands were chosen to eliminate the influence of clay conductivity on the result of 

measurement. Different concentrations of solution were used to determine if resistivity of 

highly resistive soils is more sensitive to change in temperature than that of the low 

resistive soils. Concentration of K2S04Used were 0 g/1 (i.e. sample was saturated with de-

ionized water), 2.5 g/1 and 10 g/1. Resistivity of these samples was measured at five to 

eight different temperatures. Figures 1 (a,b) show obtained relationships between 

temperature and resistivity of three samples. When sand is saturated with distilled water 

(Figure 1 a) the resistivity decreases linearly as temperature increases. The difference 

between measurements at different temperatures is at the order of tens to first hundreds of 

Q-m. With the increase in the concentration of the pore water, the relationship becomes 

more complicated (Figure 1 b). Initially resistivity decreases as temperature increases, but 

between 15 and 25°C the resistivity values stabilizes within 2-3 £2-m. The cause of these 

fluctuations can be the disturbance of the sediment when measuring its temperature. 

Laboratory measurements of bulk soil resistivity: effects of stress 
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Experiment on saturated sands was also conducted to investigate influence of force 

applied to sample on its resistance. Soil paste for this experiment was prepared from 

coarse quartz sand saturated with 5.0 g/1 solution of K2SO4. The resistivity of the paste 

was measured under load from 0 to 800 N and during unloading cycle. Before each 

loading the sample was chilled to the same initial temperature (between 11 and 13 °C), 

while temperature was not controlled during unloading. One of the sediment samples was 

also used to test the influence of the effective stress onto the resistivity value (Figure 2). 

It appears that once a good contact is achieved between sample phases and electrode (i.e. 

force of 10-20 N is applied) the resistivity value is not significantly affected by the 

change in applied force. Some scatter occurs on the plots due to abrupt temperature 

changes when loading the samples. Two to five degrees centigrade difference between 

initial and resultant temperature values per loading cycle was observed. To match results 

of ERT and laboratory measurements and it is enough to obtain a rough estimate of the in 

situ stress. 
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Temperature, C 

(b) 

Figure 1. The relationship between resistivity and temperature of the sample for medium 

to coarse quartz sand: a) saturated with de-ionized water and b) saturated with 2.5 g/1 and 

10 g/1 solution of K 2 S 0 4 . In general, resistivity of sediment samples decreases, with the 

increase in temperature. The scatter on the graphs is due to disturbance of the samples 

when measuring the temperature. 
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Figure 2. The relationship between resistivity and force applied to the sample for medium 

to coarse quartz sand a) saturated with 5 g/1 solution of K2SO4 and b) sediment sample 9-

4A. 
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APPENDIX E. DATABASE FOR SOIL SAMPLES (page 1 of 6) 

Soil 
Resistivity 

Simplified 
Particle 
Density 

Bulk Bulk Weight Dry 

well 
sample 

ID 
Elevation 

Soil 
Resistivity 

Soil 
Description 

Particle 
Density 

Density 
(cell) 

Density 
(ring) 

Moisture 
Content 

Bulk 
Density 

Porosity 

m Om*m g/cm3 g/cm3 g/cm3 % g/cm3 % 

1-1A 664.299 13.32 sand 2.65 1.91 2.11 18.94% 1.71 35.48 

1-1B 663.537 18.27 sand 2.65 2.04 2.04 19.63% 1.64 38.03 

1-2 A 662.775 13.32 sand 2.65 2.02 2.14 23.21% 1.64 38.00 
1-2B 662.013 44.62 sand 2.65 1.93 1.97 1.97 

1-3A 661.251 59.78 gravel 2.65 1.98 
1-3B 660.489 72.43 sand 2.65 2.23 9.97% 

l^tA 659.727 2.04 silt 2.71 2.10 19.41% 
1-4B 658.965 1.59 silt 2.71 2.14 2.14 19.07% 1.73 36.05 

1 
1-5A 658.203 132 silt 2.71 2.18 1755% 

1 
1-5B 657.441 137 silt 2.71 2.21 2.11 17.79% 1.74 35.84 

1-6 A 656.679 1.40 sand 2.65 2.11 
1-6B 655.917 1.65 silt 2.71 2.19 18.86% 
1-7. 654.774 3.34 clay 2.74 2.03 18.25% 
1-8. 653.25 6.28 clay 2.74 2.04 20.84% 

1-9. 651.726 9.63 clay 2.74 2.05 21.18% 

1-10. 650.202 20.69 clay 2.74 2.01 22.23% 
1-11. 648.678 14.17 clay 2.74 2.07 2154% 

1-12. 647.154 12.09 clay 2.74 2.21 20.68% 

2-1A 665.269 23.79 silt 2.71 1.42 17.45% 
2-1B 664.507 13.12 silt 2.71 1.86 16.69% 
2-2A 663.745 19.22 sand 2.65 1.91 2.05 17.07% 1.70 35.76 

2-2B 662.983 59.74 sand 2.65 1.89 1.93 16.01% 1.62 38.70 
2-3A 662.221 78.50 gravel 2.65 1.96 
2-3B 661.459 78.50 gravel 2.65 1.96 
2-4A 660.697 78.86 gravel 2.65 2.06 11.19% 
2-4B 659.935 10.59 clay 2.74 2.00 20.40% 
2-4C 659.173 14.91 clay 2.74 1.83 2034% 
2-5A 658.411 3.60 silt 2.71 2.14 1655% 
2-5B 657.649 2.45 sand 2.65 2.10 2.08 17.26% 1.62 38.87 

2-6A 656.887 3.15 clay 2.74 2.05 19.04% 

2-6B 656.125 3.29 clay 2.74 2.04 20.71% 
2 2-7A 655.363 3.59 clay 2.74 2.10 2.12 

2-7B 654.601 4.34 clay 2.74 2.03 2.04 

2-8A 653.839 6.63 clay 2.74 2.06 2.00 
2-8B 653.077 7.94 clay 2.74 2.27 2.11 1957% 1.70 37.92 

2-9A 652.315 7.06 silt 2.71 1.98 1733% 

2-9B 651.553 6.15 silt 2.71 2.14 19.65% 

2-10A 650.791 4.99 silt 2.71 2.23 2.03 2032% 1.62 4031 

2-10B 650.029 5.24 silt 2.71 2.26 17.85% 

2-11A 649.267 35.25 clay 2.74 1.89 2233% 

2-12A 648.124 18.71 clay 2.74 2.05 20.11% 

2-14A 646.981 9.61 clay 2.74 2.20 1.94 2255% 150 45.17 

2-14B 646.219 15.03 clay 2.74 2.27 19.76% 

2-15A 645.457 15.12 clay 2.74 2.31 2.14 14.09% 1.84 32.87 

2-15B 644.695 15.77 clay 2.74 2.30 2.18 12.77% 1.90 3057 
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APPENDIX E. DATABASE FOR SOIL SAMPLES (page 2 of 6) 

well 
sample 

ID 
Elevation 

Soil 
Resistivity 

Simplified 
Soil 

Description 

Particle 
Density 

Bulk 
Density 

(cell) 

Bulk 
Density 
(ring) 

Weight 
Moisture 
Content 

Dry 
Bulk 

Density 
Porosity 

m Om*m g/cm3 g/cm3 g/cm3 % g/cm3 % 
3-1A 665.399 42.50 silt 2.71 1.37 16.88% 
3-1B 664.637 18.66 silt 2.71 1.83 18.22% 
3-2A 663.875 14.17 sand 2.65 2.06 2.05 16.80% 1.70 35.73 
3-2B 663.113 52.74 sand 2.65 1.91 2.02 16.69% 1.69 36.41 
3-3A 662.351 100.95 sand 2.65 1.81 
3-3B 661.589 69.72 gravel L 2.65 2.03 
3 ^ A 660.827 29.27 sand 2.65 1.93 17.43% 
3-4B 660.065 17.26 clay 2.74 1.99 1839% 
3-5A 659303 17.91 clay 2.74 1.87 20.41% 
3-5B 658.541 10.60 clay 2.74 2.06 2.05 16.83% 1.71 37.69 
3-6A 657.779 19.13 sand 2.65 1.95 2.03 

3 
3-6B 657.017 11.26 sand 2.65 2.15 20.41% 

3 
3-7A 656.255 10.77 sand 2.65 2.04 2.10 2130% 1.65 37.69 
3-7B 655.493 9.80 clay 2.74 2.03 22.00% 
3-8A 654.731 14.41 sand 2.65 2.02 2.13 16.43% 1.78 32.77 
3-8B 653.969 15.43 sand 2.65 1.97 2.13 
3-9A 653.207 8.85 sand 2.65 2.09 
3-9B 652.445 6.78 sand 2.65 2.26 2.09 16.73% 1.74 34.38 
3-9C 651.5 7.00 clay 2.74 2.07 2.02 
3-10. 651.302 14.27 sand 2.65 2.11 2.12 
3-11A 650.159 6.71 silt 2.71 2.17 2.13 17.42% 1.76 35.21 
3-11B 649.397 9.74 clay 2.74 2.13 2.05 19.64% 1.65 39.85 
3-12A 648.635 10.20 clay 2.74 2.19 21.85% 
3-12B 647.873 13.29 clay 2.74 2.05 22.09% 
6-1A 666.897 696.99 dry sand 2.65 1.12 
6-1B 666.135 33.70 dry sand 2.65 1.45 14.55% 
6-2A 665.373 43.36 sand 2.65 1.73 
6-2B 664.611 13.75 silt 2.71 2.12 2.12 16.29% 1.77 3436 

6 
6-3A 663.849 15.10 clay 2.74 2.19 15.74% 

6 
6-3B 663.087 13.16 silt 2.71 2.01 2.06 2035% 1.64 3936 
6-4A 662.325 10.72 gravel 2.65 2.17 1.98 17.03% 1.64 38.03 
6^1B 661.563 15.87 gravel 2.65 2.13 1.96 13.92% 1.69 3632 
6-5A 660.801 9.09 clay 2.74 1.87 
6-5B 660.039 6.13 clay 2.74 2.20 2.01 
7-6A 659.277 7.95 clay 2.74 2.18 21.95% 
7-6B 658.515 8.87 clay 2.74 2.05 1.97 19.22% 1.59 41.81 
7-7A 657.753 8.76 clay 2.74 2.17 2.10 1937% 1.69 38.42 

7 
7-7B 656.991 9.06 clay 2.74 2.14 2.11 19.69% 1.69 38.23 

7 
7-8A 655.848 8.86 clay 2.74 2.02 21.43% 139 42.11 
7-9A 654.324 13.31 clay 2.74 2.13 1.97 18.84% 1.60 41.65 

7-10A 652.800 16.90 clay 2.74 1.96 19.72% 
7-11A 651.276 12.93 clay 2.74 2.17 20.07% 
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APPENDIX E. DATABASE FOR SOIL SAMPLES (page 3 of 6) 

well 
sample 

ID 
Elevation 

Soil 
Resistivity 

Simplified 
Soil 

Description 

Particle 
Density 

Bulk 
Density 

(cell) 

Bulk 
Density 
(ring) 

Weight 
Moisture 
Content 

Dry 
Bulk 

Density 
Porosity 

m O m ' m g/cm3 g/cm3 g/cm3 % g/cm3 % 

9-1A 666.193 387.49 sand 2.65 1.17 7.19% 

9-1B 665.431 35.02 sand 2.65 1.49 17.02% 
9-2A 664.669 4.68 silt 2.71 1.98 1.95 1931% 137 42.00 

9-2B 663.907 4.55 silt 2.71 2.12 2.16 17.41% 1.78 34.29 

9-3A 663.145 14.43 silt 2.71 2.07 2.14 15.92% 1.80 33.45 

9-3B 662.383 39.12 sand 2.65 1.91 2.05 

9-4A 661.621 84.14 sand 2.65 1.97 8.12% 

9-4B 660.859 15.57 clay 2.74 1.84 21.48% 
9 9-5A 660.097 8.72 clay 2.74 2.04 

9-5B 659335 13.15 sand 2.65 1.97 2.04 15.83% 1.71 3534 

9-6A 658.573 13.11 sand 2.65 1.89 16.03% 
9-6B 657.811 6.51 sand 2.65 2.07 16.81% 

NO RECOVERY 
9-8A 655.525 10.47 clay 2.74 2.07 2.27 
9-8B 654.763 6.31 clay 2.74 2.16 19.48% 

9-9A 653.620 38.85 clay 2.74 2.06 18.63% 1.16 
9-10A 652.096 13.45 clay 2.74 2.08 19.80% 
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APPENDIX E. DATABASE FOR SOR. SAMPLES (page 4 of 6) 

mil sample ID Elevation 

Measured 
EC of 

extracted 
pore 

water @ 
25" C 

EC of pore 
water 

obtained by 
direct 

filtration or 
from 

piezometer 

Ca Mg Na K a S04 C03 Alkalinity Sr Br d"o cfH mil sample ID 

rn mS/cm (me/L) (mg/L) (mg/L) (me/L) (mg/L) (me/L) (mg/L) (meo/L) (mg/L) (mg/L) 

1 

1-1A 664.299 1.69 

1 

1-1B 663.537 1.02 

1 

1-2 A 662.775 132 

1 

1-2B 662.013 2.87 -19.24 -146.6 

1 

1-3 A 661251 245 263 338 41.1 294 1590 256 5.1 0.77 <0j6 

1 

1-3B 660489 040 

1 

1-4 A 659.727 17.60 

1 

1-4B 658.965 2531 

1 1-5 A 658.203 28.72 552 23218 539 
1 1-5B 657441 27.96 1 

1-6A 656.679 574 13290 20863 612 2630 94706 828 163 4.2 26 -14.28 -13932 
1 

1-6B 655.917 29.70 652 25527 6.21 

1 

1-7. 654.774 1539 

1 

1-8. 653-25 5.68 

1 

1-9. 651.726 2.65 

1 

1-10. 650.202 135 233 659 032 

1 

1-11. 648.678 133 

1 

1-12. 647.154 1.28 

2 

2-1A 665.269 831 

2 

2-1B 664307 2.75 

2 

2-2A 663.745 148 7.72 638 <02 

2 

2-2B 662.983 0.9« 147 190 237 27.7 223 1246 86.4 1.7 03 037 -21.17 -152.71 

2 

2-3A 662221 2.71 -18.87 -138.41 

2 

2-3B 661459 2.68 195.(1 215 201 19.00 28 1390 370 74 0.81 <03 

2 

2-4A 660.697 0.81 103 281 <0-2 

2 

2-4B 659.935 337 

2 

2-4 C 659.173 244 

2 

2-5A 658411 1036 

2 

2-SB 657.649 17.92* 469 7187 9400 149 808 47794 777 153 4.66 <6 -17.76 -13636 

2 

2-6A 656.887 16.48 12.68 193 12949 <13 

2 
2-6B 656.125 11.61 

2 2-7A 655J63 2 
2-7B 654.601 

2 

2-8 A 653.839 

2 

2-8B 653.077 5.42 

2 

2-9A 652J15 156 461 734 293 104 3529 96.2 19 0.88 <0J -17.84 -141.79 

2 

2-9B 651.553 5.10 

2 

2-10A 650.791 738 

2 

2-10B 650.029 7.(16 -18.46 -14336 

2 

2-11A 649.267 1.99 26.8 966 033 

2 

2-12A 648.124 0.96 

2 

2-14A 646.981 2.45 

2 

2-14B 646.219 1.11 

2 

2-15A 645457 1.13 1.44 

2 

2-15B 644.695 130 6.21 589 <02 
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APPENDIX E. DATABASE FOR SOIL SAMPLES (page 5 of 6) 

mil sample ID Elevation 

Measured 
EC of 

extracted 
pore 

water @ 
25° C 

EE of pore 
water 

obtained by 
direct 

filtration or 
from 

piezometer 
s @ 25 o C 

Ca Mg Na K CI S04 C03 Alkalinity Sr Br d,8o mil sample ID 

m mS/cm (mg/L) <mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (meq/L) (mg/L) (mg/L) 

3 

3-1A 665.399 6.88 

3 

3-1B 664.637 2.18 

3 

3-2A 663.875 1.41 6.72 584 <0J 

3 

3-2B 663.113 0.73 1.96 126 136 169 17 14 809.0 394 7.9 0.53 <03 

3 

3-3A 662.351 2.10 -19.57 -145.71 

3 

3-3B 661.589 

3 

3-4A 660.827 0.87» 97.4 148 205 27.7 27.5 980 265 53 039 031 

3 

3-4B 660.065 1.92 

3 

3-5A 659.303 2.27 

3 

3-5B 658.541 1.95 

3 

3-6A 657.779 6.90 -19.09 -145.21 

3 3-6B 657.017 3.88 3 3-7A 656.255 2.64 4.40 3 

3-7B 655/493 2.70 

3 

3-8A 654.731 2.15« 492 517 727 35.7 135 4453 182 34 1.56 <1 -18.83 -152.29 

3 

3-8B 653.969 

3 

3-9A 653.207 

3 

3-9B 652445 430 43.2 2575 0.61 

3 

3-9C 651.5 

3 

3-10. 651302 478 1007 1309 42 190 7766 327 65 IS -19.19 234 

3 

3-11A 650.159 3.74 2.99 

3 

3-11B 649397 1.63 

3 

3-12A 648.635 1.03 

3 

3-12B 647.873 0.72 

6 

6-1A 666.897 

6 

6-1B 666.135 7.18 135 4897 <1 

6 

6-2A 665373 

6 

6-2B 664.611 433 

6 6-3A 663.849 4.21 6 6-3« 663.087 1.51» 5.37 255 501 662 29 56 3540.0 430 8.6 1.2 <03 6 

6-4A 662325 3.63 

6 

6-4B 661.563 2.45 11.7 1337 <0.4 

6 

6-5A 660.801 

6 

6-5B 660.039 

7 

7-6A 659.277 1.91 

7 

7-6B 658.515 1.84 

7 

7-7A 657.753 137 7.46 

7 7-7B 656.991 134 13.9 474 <0.2 7 
7-8A 655.848 1.27 7 

7-9A 654324 0.95 

7 

7-10A 652.811(1 0.79 

7 

7-11A 651.276 0.66 0.84 274 <S>2 
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APPENDIX E. DATABASE FOR SOIL SAMPLES (page 6 of 6) 

mil sample ID Elevation 

Measured 
EC of 

extracted 
pore 

water @ 
25" C 

EC of pore 
water 

obtained by 
direct 

filtration or 
from 

piezometer 
s @ 25 o C 

Ca Mg Na K CI S04 C03 Alkalinity Sr Br d"o d2 H 
mil sample ID 

ill mS/cm (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (meq/L) (mg/L) (mg/L) 

9 

9-1A 666.193 4.47 

9 

9-1B 665431 631 47.1 4552 <0.7 

9 

9-2A 664.669 6.00 

9 

9-2B 663.907 4.99 

9 

9-3A 663.145 2.95* 4.38 203 396 442 21 37 2580.0 411 »2 1 <03 

9 

9-3B 662.383 

9 

9-4A 661.621 1.22* 289 439 547 413 47.9 3333 291 5.8 134 <0.8 

9 
9-4B 660.859 2.07 

9 9-5A 660.097 9 
9-5B «59335 239 -19.83 -15334 

9 

9-6A «58373 5.01* 393 1204 2662 59.8 217 10698 446 8.9 142 <23 

9 

9-6B 657.811 5.86 -18.84 -149.90 

9 

NO RECOVERY 

9 

9-8A 655325 

9 

9-8B 654.763 3.17 

9 

9-9A 653.620 0.72 

9 

9-10A 652.096 0.87 2.08 378 

n the sample for major ion and isotope analysis. Results should be regarded with caution. 
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APPENDIX F. WATER CHEMISTRY AND ISOTOPE COMPOSITION (page 1 of 5) 

Sample ID Description Date 
collected 

d 1 8 0(°/oo, 
SMOW) 

dD ( ° /oo , 

SMOW) 
87Sr/86Sr 

LL1 Lydden Lake water 4/26/1999 -7.4 -103.8 0.709555 
LL-2 Lydden Lake water 4/14/2000 nd nd nd 
LL-3 Lydden Lake water 5/17/2000 -8.3 -101.2 0.709550 
LL-4 Lydden Lake water 6/14/2000 nd nd nd 
LL-5 Lydden Lake water 6/19/2000 nd nd nd 
LL-6 Lydden Lake water 6/29/2000 nd nd nd 
LL-7 Lydden Lake water 7/7/2000 nd nd nd 
LL-8 Lydden Lake water 7/14/2000 -3.3 -83.9 nd 
LL-9 Lydden Lake water 6/14/2001 -5.6 -86.1 nd 
LL-10 Lydden Lake water 7/12/2001 nd nd nd 
LL-11 Lydden Lake water 7/24/2001 -13.8 nd 
LL-12 Lydden Lake water 6/10/1999 -8.6 -99.4 nd 
LL-13 Lydden Lake water 9/27/2001 nd nd nd 
Piezometer 10 Groundwater 7/24/2001 -19.9 0.710317 
Piezometer 10 Groundwater 9/26/2001 nd 
Piezometer 8 Groundwater 7/11/2001 -20.1 0.710453 
Piezometer 8 Groundwater 7/24/2001 -20.2 -160.9 0.710444 
Piezometer 8 Groundwater 9/26/2001 nd 
Piezometer 21 Groundwater 7/11/2001 nd nd nd 
Piezometer 18 Groundwater 7/24/2001 -19.6 0.710602 
Piezometer 18 Groundwater 9/26/2001 nd 
Piezometer 19 Groundwater 7/11/2001 nd nd nd 
Piezometer 19 Groundwater 7/24/2001 -19.5 -158.0 0.710611 
Piezometer 19 Groundwater 9/26/2001 nd 
Piezometer 18 Groundwater 7/11/2001 nd nd nd 
Piezometer 18 Groundwater 7/24/2001 -19.3 0.710529 
Piezometer 20 Groundwater 7/24/2001 -19.5 -158.4 0.710585 
Piezometer 21 Groundwater 7/11/2001 -19.6 0.710589 
Piezometer 24 Groundwater 10/25/2001 -20.9 -166.3 0.708160 
Piezometer 25 Groundwater 10/25/2001 -20.9 0.708546 
Piezometer 11 Groundwater 16/08/01 -18.7 -145.0 0.710355 
Piezometer 13 Groundwater 01/08/17 -19.4 -158.1 0.710375 
Piezometer 14 Groundwater 16/08/01 -19.3 -154.5 0.710417 
Piezometer 15 Groundwater 16/08/01 -18.9 -152.8 0.710036 
Piezometer 17 Groundwater 15/08/01 -18.7 -148.0 0.710441 
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APPENDIX F. WATER CHEMISTRY AND ISOTOPE COMPOSITION (page 2 of 5) 

Sample ID Description Date 
collected 

Calcium 
mg/L 

Chloride, 
mg/L 

Potassium, 
mg/L 

Magnesium 
mg/L 

LL-1 Lydden Lake water 4/26/1999 436.0 2340.0 457.0 9720.0 
LL-2 Lydden Lake water 4/14/2000 329.0 4540.0 876.0 14000.0 
LL-3 Lydden Lake water 5/17/2000 664.0 6950.0 1440.0 24900.0 
LL-4 Lydden Lake water 6714/2000 529.0 7850.0 1380.0 25200.0 
LL-5 Lydden Lake water 6/19/2000 538.0 86.0 1810.0 27200.0 
LL-6 Lydden Lake water 6/29/2000 363.0 79.0 2290.0 39800.0 
LL-7 Lydden Lake water 7/7/2000 455.0 86.0 1590.0 28600.0 
LL-8 Lydden Lake water 7/14/2000 230.0 79.0 1620.0 26600.0 
LL-9 Lydden Lake water 6/14/2001 414.0 14600.0 2770.0 37000.0 
LL-10 Lydden Lake water 7/12/2001 113.0 25500.0 4880.0 41500.0 
LL-11 Lydden Lake water 7/24/2001 78.0 4780.0 958.0 11300.0 
LL-12 Lydden Lake water 6/10/1999 549.0 86.0 708.0 14100.0 
LL-13 Lydden Lake water 9/27/2001 nd nd nd nd 
Piezometer 10 Groundwater 7/24/2001 199.0 40.0 25.0 455.0 
Piezometer 10 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/24/2001 204.0 38.0 19.0 378.0 
Piezometer 8 Groundwater 9/2672001 nd nd nd nd 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 193.0 41.0 17.0 233.0 
Piezometer 18 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/24/2001 212.0 43.0 16.0 245.0 
Piezometer 19 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 203.0 38.0 24.0 243.0 
Piezometer 20 Groundwater 7/24/2001 196.0 35.0 16.0 235.0 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 24 Groundwater 10/25/2001 37.0 4.0 4.1 14.0 
Piezometer 25 Groundwater 10/25/2001 64.0 4.0 5.2 30.0 
Piezometer 11 Groundwater 16708/01 419.0 293.0 50.0 1 270 
Piezometer 13 Groundwater 01/08/17 75.0 6.0 5.7 82.0 
Piezometer 14 Groundwater 16/08/01 449.0 75.0 18.0 303.0 
Piezometer 15 Groundwater 16708/01 141.0 50.0 48.0 119.0 
Piezometer 17 Groundwater 15/08/01 302.0 226.0 39.0 620.0 
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Sample ID Description Date 
collected 

Sodium, 
mg/L 

Sulfate, 
mg/L 

Carbonate, 
mg/L 

Bicarbonate, 
mg/L 

LL-1 Lydden Lake water 4/26/1999 29900.0 103000.0 262.0 508.0 
LL-2 Lydden Lake water 4/14/2000 16300.0 79800.0 20.0 1680.0 
LL-3 Lydden Lake water 5/17/2000 40900.0 176000.0 821.0 930.0 
LL4 Lydden Lake water 6/14/2000 34300.0 158000.0 <1 2820.0 
LL-5 Lydden Lake water 6/19/2000 55000.0 215000.0 <1 3290.0 
LL-6 Lydden Lake water 6/29/2000 65700.0 282000.0 <1 4560.0 
LL-7 Lydden Lake water 7/7/2000 58100.0 226000.0 <1 3270.0 
LL-8 Lydden Lake water 7/14/2000 76400.0 266000.0 74.0 2680.0 
LL-9 Lydden Lake water 6/14/2001 63000.0 251000.0 <1 3920.0 
LL-10 Lydden Lake water 7/12/2001 79800.0 300000.0 3000.0 488.0 
LL-11 Lydden Lake water 7/24/2001 24700.0 87700.0 372.0 361.0 
LL-12 Lydden Lake water 6710/1999 43600.0 143000.0 nd nd 
LL-13 Lydden Lake water 9/27/2001 nd nd nd nd 
Piezometer 10 Groundwater 7/24/2001 576.0 3020.0 <1 501.0 
Piezometer 10 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/24/2001 420.0 2380.0 <1 492.0 
Piezometer 8 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 235.0 1450.0 <1 423.0 
Piezometer 18 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/24/2001 242.0 1540.0 <1 440.0 
Piezometer 19 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 247.0 1540.0 <1 600.0 
Piezometer 20 Groundwater 7/24/2001 230.0 1460.0 <1 425.0 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 24 Groundwater 10/25/2001 228.0 231.0 <1 482.0 
Piezometer 25 Groundwater 10/25/2001 121.0 185.0 <1 432.0 
Piezometer 11 Groundwater 16/08/01 1830 8 840 <1 612.0 
Piezometer 13 Groundwater 01/08/17 143.0 411.0 <1 483.0 
Piezometer 14 Groundwater 16/08/01 386.0 2490 <1 493.0 
Piezometer 15 Groundwater 16/08/01 449.0 1550 <1 149.0 
Piezometer 17 Groundwater 15/08/01 1320 5 140 <1 428.0 
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Sample ID Description Date 
collected 

Strontium, 
mg/L 

Boron, 
mg/L 

Bromine, 
mg/L Lithium mg/L 

LL-1 Lydden Lake water 4/26/1999 3.70 0.62 1.1 nd 
LL-2 Lydden Lake water 4/14/2000 4.60 nd nd nd 
LL-3 Lydden Lake water 5/17/2000 8.40 nd 60.0 12.00 
LL-4 Lydden Lake water 6/14/2000 5.60 nd 65.0 nd 
LL-5 Lydden Lake water 6/19/2000 9.80 nd <30 11.00 
LL-6 Lydden Lake water 6/29/2000 9.30 nd <30 14.00 
LL-7 Lydden Lake water 7/7/2000 7.40 nd <30 12.00 
LL-8 Lydden Lake water 7/14/2000 3.70 nd <30 13.00 
LL-9 Lydden Lake water 6/14/2001 9.50 nd nd 30.00 
LL-10 Lydden Lake water 7/12/2001 2.20 nd nd 60.00 
LL-11 Lydden Lake water 7/24/2001 0.98 nd nd 8.90 
LL-12 Lydden Lake water 6/10/1999 5.00 nd nd nd 
LL-13 Lydden Lake water 9/27/2001 nd nd nd nd 
Piezometer 10 Groundwater 7/24/2001 0.93 nd nd 0.39 
Piezometer 10 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 8 Groundwater 7/24/2001 0.90 nd nd 0.51 
Piezometer 8 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 0.80 nd nd 0.24 
Piezometer 18 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 19 Groundwater 7/24/2001 0.85 nd nd 0.25 
Piezometer 19 Groundwater 9/26/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 18 Groundwater 7/24/2001 0.70 nd nd 0.21 
Piezometer 20 Groundwater 7/24/2001 0.79 nd nd 0.21 
Piezometer 21 Groundwater 7/11/2001 nd nd nd nd 
Piezometer 24 Groundwater 10/25/2001 0.25 nd nd 0.15 
Piezometer 25 Groundwater 10/25/2001 0.38 nd nd 0.12 
Piezometer 11 Groundwater 16/08/01 3.30 nd nd 0.52 
Piezometer 13 Groundwater 01/08/17 0.38 nd nd 0.15 
Piezometer 14 Groundwater 16/08/01 1.40 nd nd 0.30 
Piezometer 15 Groundwater 16/08/01 0.76 nd nd 0.15 
Piezometer 17 Groundwater 15/08/01 1.67 nd nd 0.31 



217 

APPENDIX F. WATER CHEMISTRY AND ISOTOPE COMPOSITION (page 5 of 5) 

Sample ID Description Date 
collected 

sumof 
ions, 
mg/L 

Total 
hardness, 

mg/L 

EC@ 25 C 
uS/cm 

Density, 
g/cm3 

LL-1 Lydden Lake water 4/26/1999 nd nd nd 
LL-2 Lydden Lake water 4/14/2000 nd nd nd 
LL-3 Lydden Lake water 5/17/2000 253000 104000 nd 
LL-4 Lydden Lake water 6/14/2000 230000 105000 nd 
LL-5 Lydden Lake water 6/19/2000 303000 113000 nd 
LL-6 Lydden Lake water 6/29/2000 395000 165000 nd 
LL-7 Lydden Lake water 7/7/2000 318000 119000 nd 
LL-8 Lydden Lake water 7/14/2000 374000 110000 nd 
LL-9 Lydden Lake water 6/14/2001 373000 153000 79545 
LL-10 Lydden Lake water 7/12/2001 455000 171000 69012 
LL-11 Lydden Lake water 7/24/2001 130000 46700 nd 
LL-12 Lydden Lake water 6/10/1999 nd nd nd 
LL-13 Lydden Lake water 9/27/2001 nd nd 71138 
Piezometer 10 Groundwater 7/24/2001 4820 2370 nd 
Piezometer 10 Groundwater 9/26/2001 nd nd 5263 
Piezometer 8 Groundwater 7/11/2001 nd nd 4360 
Piezometer 8 Groundwater 7/24/2001 3930 2060 nd 
Piezometer 8 Groundwater 9/2672001 nd nd 4454 
Piezometer 21 Groundwater 7/11/2001 nd nd 2900 
Piezometer 18 Groundwater 7/24/2001 2590 1440 nd 
Piezometer 18 Groundwater 9/26/2001 nd nd 2689 
Piezometer 19 Groundwater 7/11/2001 nd nd 2520 
Piezometer 19 Groundwater 7/24/2001 2740 1540 nd 
Piezometer 19 Groundwater 9/26/2001 nd nd 2705 
Piezometer 18 Groundwater 7/11/2001 nd nd 2720 
Piezometer 18 Groundwater 7/24/2001 2810 1510 nd 
Piezometer 20 Groundwater 7/24/2001 2600 1460 nd 
Piezometer 21 Groundwater 7/11/2001 nd nd 2880 
Piezometer 24 Groundwater 10/25/2001 1000 150 nd 
Piezometer 25 Groundwater 10/25/2001 841 283 nd 
Piezometer 11 Groundwater 16/08/01 13 300 6 270 13 1.016 
Piezometer 13 Groundwater 01/08/17 1210 524 1 1.007 
Piezometer 14 Groundwater 16/08/01 4210 2 370 4 1.006 
Piezometer 15 Groundwater 16/08/01 2510 841 3 1.007 
Piezometer 17 Groundwater 15/08/01 8080 3 300 7 1.011 
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Piezometer 11. 

#11 Depth to water: 2.94 m 

Depth 
BTOC 

Electrical 
Conductivity 

@ 25 C 
TDS Density 

Interval 
Length 

m mS/cm mg/L kg/m3 m 
4 3.94 3159.26 1.003 1.06 
5 11.75 11991.88 1.010 1.00 
6 11.79 12040.24 1.010 1.00 
7 11.91 12207.40 1.010 1.00 
9 12.77 13393.79 1.016 2.00 
11 12.77 13381.30 1.016 2.00 
pe 1.012 kg/m3 

Piezometer 14. 

#14 Depth to water: 2.88 m 

Depth 
BTOC 

Electrical 
Conductivity 

@ 25 C 
TDS Density Interval 

m mS/cm mg/L kg/m3 m 
4 1.71 1422.18 1.001 1.12 
5 3.32 2633.61 1.002 1.00 
6 4.16 3353.96 1.003 1.00 
8 4.20 3391.44 1.003 2.00 
9 4.37 3539.55 1.003 1.00 
10 4.41 3584.78 1.003 1.00 
11 4.44 3609.50 1.003 1.00 
pe 1.002 kg/m3 
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Piezometer 15 

#15 Depth to water: 2.90 m 

Depth 
BTOC 

Electrical 
Conductivity 

@ 25 C 
TDS Density Interval 

m mS/cm mg/L kg/m3 m 
4 1.49 1274.72 1.001 1.10 
5 1.59 1337.92 1.001 1.00 
7 2.36 1878.87 1.001 2.00 
9 2.53 2010.66 1.002 2.00 
11 3.28 2603.85 1.002 2.00 
13 3.26 2583.53 1.002 2.00 
15 3.33 2637.88 1.002 2.00 
pe 1.002 kg/m3 

Piezometer 16 

#16 Depth to water: 2.17 m 

Depth 
BTOC 

Electrical 
Conductivity 

@ 25 C 
TDS Density Interval 

m mS/cm mg/L kg/m3 m 
3 4.76 3908.49 1.003 0.83 
4 4.92 4054.57 1.003 1.00 
5 4.91 4044.95 1.003 1.00 
7 4.89 4023.48 1.003 2.00 
9 4.86 4000.82 1.003 2.00 
11 4.84 3983.66 1.003 2.00 
16 2.99 2365.20 1.002 5.00 
pe 1.003 kg/m3 
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#17 Depth to water: 4.28 m 

Depth 
BTOC 

Electrical 
Conductivity 

@ 25 C 
TDS Density Interval 

m mS/cm mg/L kg/m3 m 
5 4.79 3929.32 1.003 0.72 
6 4.76 3904.04 1.003 1.00 
7 5.80 4919.01 1.004 1.00 
8 6.94 6114.39 1.005 1.00 
9 7.01 6192.74 1.005 1.00 
10 6.96 6138.40 1.005 1.00 
11 7.08 6265.25 1.005 1.00 
pe 1.004 kg/m3 




