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ABSTRACT 

Soap holes are discrete occurrences of fluidized sediments that have been reduced to zero 

effective stress resulting in quick conditions. These features can be detrimental to farming 

operations through evaporitic concentration of ions in surface sediments surrounding the features 

or by fatally trapping livestock. Currently, the sediment properties and subsurface conditions 

required to generate soap holes are relatively unknown. 

A site investigation conducted near Didsbury, Alberta, analyzed the geologic, hydrogeologic and 

geotechnical conditions surrounding four active soap hole features to improve the understanding 

of soap hole formation. Glacially derived surface sediments and Paskapoo formation bedrock 

were extensively analyzed using a combination electrical resistivity tomography (ERT), cone 

penetration testing (CPT), and sediment coring and sampling. Laboratory analyses were 

completed on recovered sediment samples to determine index properties, particle-size 

distribution, Atterberg consistency limits, dispersive properties and chemical composition. ERT 

transects indicated there are three distinct sedimentary units on-site, and bedrock depth of 

approximately 11-mbgs, which was confirmed by drilling. Near-surface sediments are primarily 

comprised of non-sensitive, over-consolidated fine-grained material, with medium to high 

plasticity, and are highly dispersive. Discontinuous coarse-grains sediments were also noted in 

the sediment core, potentially providing flow-paths through the extensive fine-grained sediments. 

Hydrogeologic conditions were analyzed utilizing pressure transducer data, manual water level 

measurements, CPT correlations, and single well response tests. Artesian conditions were 

confirmed within a soap hole feature that was instrumented on site and are suspected to persist 

in the surrounding features. Pore pressures within and below the instrumented feature correlate 

with regional potentiometric surface maps of the Paskapoo formation, suggesting hydraulic 

connection to deep groundwater flow-paths. Strong upward vertical gradients (>1-m/m) within the 

soap hole feature exceed the critical gradient of surrounding sediments. Downward vertical 

gradients less than critical were found in most background sediments surrounding the features. 

Overall, sediments at the study site did not have properties indicative of being prone to 

liquefication. However, results suggest that high pore pressures, dispersive soils and vertical 

hydraulic gradients exceeding sediment critical gradients are some of the primary formation 

mechanisms of the soap hole features. 
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1975; Hendry, 1982; Keller et al., 1986; Strobel, 1993). Stress change related to deglaciation 

(e.g., unloading and isostatic rebound) and sediment desiccation are possible causes of vertical 

and horizontal fracturing in glacial till (Grisak & Cherry, 1975; Grisak et al., 1976; Allred, 2000). 

Fractures are typically more common in the upper weathered/oxidized zone of tills and less 

common in thick, unweathered tills (Hendry et al., 1986; Keller et al., 1988, 1989).  

Glacial till complexes are very heterogeneous by nature and have a variety of possible flow 

systems and associated hydraulic conductivities (Freeze & Cherry, 1979; Hendry, 1982; McKay 

& Fredericia, 1995). Hydraulic conductivity of glacial till typically ranges from 10-5 to 10-12 m/s 

(Freeze & Cherry, 1979). Hydraulic testing performed on unfractured glacial till-matrix have 

estimated hydraulic conductivities between 10-10 to 10-12 m/s, comparable to many tills in Alberta 

found to have bulk hydraulic conductivity around 10-10 m/s (Grisak et al., 1976; Hendry, 1982; 

Keller et al., 1986, 1988). Hydraulic conductivity of glacial till aquitards in the interior plains have 

also been shown to vary with depth possessing an arithmetic mean of 4.9 × 10-9 m/s between 0- 

to 10-m bgs, and an arithmetic mean of 3.7 × 10-11 m/s between 10- to 23-m bgs (Ferris et al., 

2020). Hydraulic conductivity of glacial tills in Alberta with small fractures have been found to 

range between 2 x 10-7 to 5 x 10-9 m/s, depending on fracture size and density (Hendry, 1982; 

Keller et al., 1986). Clast-dominated till soils have been found to have hydraulic conductivities 

around 10-7 m/s, and heterogeneity within till, such as sand lenses, can result in disparities 

between field hydraulic response tests and laboratory tests of up to three orders of magnitude 

(Norris, 1962; Al-Moadhen et al., 2018). Sandy tills studied in Ohio, USA were found to range 

between 2.7 x 10-6 to 1.6 x 10-7 m/s horizontal hydraulic conductivity, and 4.2 x 10-6 to 1.1 x 10-6 

m/s vertical hydraulic conductivity (Strobel, 1993).  

Variability in the hydraulic properties of glacial tills generally makes it challenging to predict and 

understand hydraulic flow throughout these units.  

1.2.2. Geochemistry: Solonetzic Soil and Soil Dispersion 

Soils derived from glacially reworked sediments tend to be chemically distinct due to the variability 

in geologic origin and depositional location. The difference in chemical properties of soil can result 

in different physical properties.  

Chernozemic and Solonetzic soils form in similar environments, often in undulating terrain and 

regions adjacent to uplands where drainage is restricted (Cairns, 1978; Pawluk et al., 1978; Miller 

& Brierley, 2011). Ionic concentrations of sodium and calcium distinguish these soil types from 

one another. A 10:1 or greater sodium-to-calcium ion ratio is required to differentiate Solonetzic 







Department of Geoscience                                                                                                                            Faculty of Graduate Studies  

University of Calgary Page 7 

Soil dispersion is the process in which monovalent cations (Na+, K+) bond to the surface of clay 

particles, increasing the positive charge surface. However, due to having only one extra valence 

space, the cations cannot bind with a second clay particle (flocculate). The dominance of 

monovalent cations on the surface of clay particles creates an electrochemical imbalance 

between particles, causing the particles to repel each other. Replacement of divalent and trivalent 

cations on the surface of clays can change particle arrangement from a state where particle 

arrangement is flocculated to a condition where particle arrangement is dispersed due to an 

increase in the double layer thickness (Rao & Mathew, 1995). Due to this process, the sediments 

are more prone to surface erosion and piping erosion as soil cohesion is reduced.  

Soil dispersion can be related to soil strength, indicating factors such as sodium adsorption ratio, 

exchangeable sodium percentage, electrolyte concentration, pH, and clay mineralogy can have 

an impact on sediment strength by affecting the charge on the clay surface and cohesion (Aylmore 

& Sills, 1982; Emerson, 1964; Shanmuganathan & Oades, 1983; Chorom et al., 1994; Barzegar 

et al., 1994). Barzegar et al. (1995a) noted that the clay content, clay type and clay particle size 

control the amount of dispersion and processes such as slacking (breakdown of dried clumps of 

clay due to water), which increases the chances of dispersion by increasing the soil surface area. 

Dispersive erosion of soils is highly dependent on clay mineralogy chemistry and water chemistry 

of pore waters (Knodel, 1991).  

Monovalent exchangeable potassium can potentially have similar effects to sodium, resulting in 

swelling and dispersion; however, potassium is not often present in the concentrations required 

for these responses (Rengasamy & Marchuk, 2011). Experimental results also found potassium 

caused in a smaller reduction in hydraulic conductivity than sodium, indicating potassium ions are 

less dispersive than sodium ions (Rengasamy & Sumner, 1998; Marchuk & Rengasamy, 2010; 

Rengasamy & Marchuk, 2011).  

Sodium Adsorption Ratio (SAR), exchangeable sodium ratio (ESR), and exchangeable sodium 

percentage (ESP) are indicators used by soil scientists to assess the clay dispersion potential of 

soil (Rengasamy & Sumner, 1998). SAR values exceeding 13 and an ESP greater than 15% are 

considered high and are indicative of sodic soil conditions (Sparks, 2003). Sodic soils are prone 

to swelling, which can lead to dispersion as soil particles repel each other (Sumner, 1993). The 

repulsion of clay particles is maximized under conditions where the clay is fully saturated, the pH 

is high, and the dominant exchangeable cation is monovalent (Hillel, 2004). Once dispersed, 











2.0 DIDSBURY SITE DESCRIPTION  

2.1. Site Overview 

The study area is located approximately 7-km west of Didsbury, Alberta, Canada, (Didsbury field 

site) on the edge of the foothills of the Rocky Mountains. At the Didsbury field site, four active 

soap holes (SH-01 to SH-04), one dormant soap hole (SH-05), and one potentially active area 

(SH-06) were investigated. The field site is located approximately mid-way up the east flank of a 

regional topographic high; however, topographic relief on the field site is minimal, with an 

approximate 1% slope (Figure 2-1). The field site is also located approximately 10 km east of 

where the Laurentide and Cordilleran ice sheets converged during the last glacial maximum, with 

boulders classified as part of the Foothills Erratic Train located approximately 10 km west of the 

Didsbury field site (AER, 2016a; Figure 2-1).  

 
Figure 2-1. Overview map showing geologic, hydrologic, and hydrogeologic features surrounding the 

Didsbury field site.  
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The Paskapoo formation was formed from a complex anastomosing river system and flood plains, 

resulting in major variability both horizontally and vertically (Hamblin, 2004). The formation also 

has an extensive fracture network contributing to groundwater flow throughout the region 

(Hamblin, 2004). Shallow groundwater systems are meteorically recharged along regional 

topographic highs, and regional groundwater maps indicate that the water levels of the Paskapoo 

Formation generally follow surface topography throughout the region (Harrison et al., 2006; 

Barker et al., 2011; Riddell & Lyster, 2017). At the location of the Didsbury field site, the 

potentiometric surface is estimated to be approximately 1050-masl, while the average ground 

surface elevation at the site is 1035-masl, suggesting artesian conditions are present (Barker et 

al., 2011; Riddell & Lyster, 2017).  

The Paskapoo Formation is a highly productive aquifer system in Alberta, and because of this, 

groundwater flow and water chemistry are well understood (Hendry et al., 1986; Keller, 1991; Van 

Stempvoort et al., 1994; Grasby et al., 1997, 2008; Grasby & Hucheon, 2000). A study by Grasby 

et al. (2008) collated much of the data and outlined the variability in water chemistry noted 

throughout the Paskapoo aquifer. East-west variations in water chemistry, specifically SO4
2-, Ca2+, 

Na+, and TDS, have been related to the origin of glacial sediments that overlie the aquifer (Grasby 

et al., 2008). Waters with high TDS (750- to 1555-mg/L) associated with high Na+ (250-605 mg/L) 

and SO4
2- (100- to 990-mg/L) in the eastern portion of the Paskapoo Formation are associated 

with granitic and gneissic materials moved by the Laurentide ice sheet (Grasby et al., 2008). 

Moreover, low TDS (250- to 750-mg/L) and high Ca2+ (24- to 74-mg/L) were observed in the 

western region under tills that originated from carbonates and quartzite of the Cordilleran ice sheet 

(Grasby et al., 2008). Oxidation of these materials has been found to result in the Na+- SO4
2- waters 

under Laurentide tills and Ca2+- HCO3
- waters under Cordilleran tills (Hendry et al., 1986; Keller, 

1991; Van Stempvoort et al., 1994; Grasby et al., 1997, 2008; Grasby & Hucheon, 2000).  

2.4. Climate 

The site is also within the continental climate region, meaning it experiences a wide range of 

diurnal and seasonal temperatures and low annual precipitation (NRC, 2006). Mean average daily 

temperatures are 4oC, with summer highs of 34oC and winter lows reaching -36oC (Government 

of Canada [GoC], 2020). Precipitation is estimated at approximately 490-mm/yr, and a nearby 

weather station in Madden, Alberta, records similar averages of 477-mm/yr of total precipitation, 

with 353.5-mm/yr being rain (Riddell et al., 2014; GoC, 2020). Potential evapotranspiration at the 

site is estimated to be approximately 470-mm/yr, with actual evapotranspiration estimates of 

355-mm/yr (Riddell et al., 2014). 
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the subsurface in detail (LaBrecque et al., 1996; Zhe et al., 2007; Loke & Barker, 1996; Mauriello 

et al., 1998; Mauriello et al., 1999; Zhou & Greenhalgh, 1999; Loke et al., 2013; Binley & Kemna, 

2005; Binley, 2015).  

 
Figure 3-1. Array configuration for; (a) Dipole- Dipole array, and (b) Multiple Gradient array types.  

The ABEM LS2 Terrameter with a 12-channel capability was utilized to perform surveys with one-

metre, three-metre, and five-metre electrode spacings. Electrodes are inserted approximately 

0.25 m into the ground to ensure sufficient contact resistance and placed at a set interval apart.  

Two array geometries were selected for this study (i.e., Dipole-Dipole and Multiple Gradient), 

because each geometry provides slightly different sampling of the subsurface, with the Dipole-

Dipole configuration providing a roughly even-spaced dataset and the Multiple Gradient 

configuration providing a dataset that has higher resolution near surface and fewer data-points 

deeper in the subsurface (Zhou, 2018). Each survey allows for cross-comparison between results, 

as well as a combined approach that provides a section of the subsurface with improved resolution 

(Zhou, 2018). A site overview map showing the location of the various DC electrical resistivity 

tomography (ERT) survey lines is shown in Figure 3-2.  
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Figure 3-2. Overview map of the ERT line locations at the Didsbury field site.  

The data files containing potential electrode and current electrode positions (quadripoles) and 

apparent resistivity values for each measurement were exported in RES2DINV format (.dat). To 

remove bad data from the files, the data were loaded into RES2DINV v 3.54.57 (Loke, 2002), and 

the edit bad datum points function was used to remove data points based on modelled points that 

could be erroneous readings, outliers, or other issues affecting the accuracy of your inversion 

results and increase model error.  

A first-pass inversion using the RES2DINV software was performed to visualize the sections and 

identify areas in the data that needed to be refined (Loke, 2002). Inversion is a mathematical or 

statistical method that can be used to determine the physical properties of the subsurface using 

observations collected from geophysical surveys. This needs to be completed because field 

apparent resistivity values are not representative of the true subsurface resistivity. The L2-norm 

(least-squares) inversion method was used with model residuals shown as root-mean-square 

(RMS) values (Loke, 2002). The inversion process uses a finite-difference numerical method, 
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collect a continuous profile of the sediment responses to calculate other hydrogeologic and 

geotechnical properties using known correlations.  

3.2.1. Cone Penetration Test and Analysis 

GeoPacific Consultants Ltd. was retained by Big Country Drilling to complete the CPT profiling. 

Following the methods outlined by ASTM (2020c), the CPT was advanced at approximately two 

centimetres per second. A 15-cm2 cone was advanced using push rods with 20-ton (180-kN) push 

capacity, providing measurements of the tip resistance (qt), sleeve resistance (fs), and penetration 

pore water pressure (u0), with measurements taken at a 1-cm interval. In zones where coarse 

particles were encountered, the CPT technician slowed the push rate to avoid damaging the 

instrument. It is acknowledged that a slower push rate will allow more drainage during the test 

and that the dynamic pore pressures are likely underestimated. Refusal was reached when the 

tip resistance exceeded 35-MPa, or the cone inclination exceeded 10-degrees from vertical. 

When regions of refusal were encountered, the drill was used to core beyond the region of refusal 

(drill out) and remove the material before placing the CPT back into the borehole and continuing 

the profile. Drill outs were minimized to collect as much CPT data as possible and were typically 

completed past the CPT zone of refusal. A summary of CPT soundings conducted at the Didsbury 

field site is provided in Table 3-1. 

Table 3-1. Summary of CPT soundings. 

ID Easting (m) Northing (m) Surface Elevation (m) Total Depth (m) 

CPT1 691157.7 5728153.2 1035.5 3.97 

CPT2 691140.8 5728169.5 1035.8 5.02 

CPT3 691134.5 5728163.3 1035.3 9.16 

CPT4 691137.5 5728169.4 1035.9 4.20 

Note: Coordinates and elevation data were collected using Hemisphere S321 RTK Differential Global Positioning System (DGPS).  

3.2.2. Sonic Coring 

The sonic drilling method was used to complete boreholes and drill outs when the CPT hit refusal. 

Soils from the drill core were logged, and samples were collected. Sonic drilling recovered the 

core using a downhole core barrel attached to drill rods (inner tube), surrounded by a 6-inch 

(15.24-cm) casing. The system produced a 4-inch (10.16-cm) diameter core. During sonic drilling, 

the drill rods advanced the core barrel past the 6-inch casing into undisturbed ground. The casing 

was fitted with a cutting shoe and was progressively advanced along with the core barrel to 

prevent the drill hole from collapsing. The core sample was then returned to the ground surface 
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by pulling the drill rods and core barrel. The sonic drilling method was selected for the recovery 

of the soil core because of its high recovery rate. A summary of boreholes drilled at the Didsbury 

field site is provided in Table 3-2.  

Table 3-2. Summary of sonic boreholes.  

ID Easting (m) Northing (m) Elevation (masl) Total Depth (m) 

BH1 691157.6 5728160.3 1035.1 5.10 

BH2 691157.3 5728157.5 1035.2 8.28 

BH3 691155.0 5728155.4 1035.3 14.40 

BH4 691157.7 5728153.2 1035.3 5.58 

Note: Coordinates and elevation data were collected using Hemisphere S321 RTK DGPS.  

3.3. Installations 

Several instruments were installed at the Didsbury field site to collect hydrogeologic data, 

including drive-point piezometers, vibrating wire piezometers, Solinst Canada Ltd. (Solinst®) 

Leveloggers, and a Solinst® Barologger. Details about installations are provided below. A PVC 

standpipe monitoring well was also installed at the Didsbury field site; however, it was not used 

in this study, so installation details will not be provided in this section. Monitoring well installation 

details are provided in Appendix A.  

3.3.1. Drive-point Piezometers  

Manual installation of drive-point piezometers provided a cost-effective and quick way to analyze 

near-surface hydraulic conditions below the soap hole features and in the background sediments. 

Seven Solinst® 615N stainless steel drive-point piezometers connected to one-inch (2.54-cm) iron 

riser pipe were advanced into the ground using a 25-pound steel post-pounder. Due to the high 

clay content, the drive-point screens were wrapped in a 20-µm mesh to reduce sediment entering 

the screen interval and secured with stainless steel fishing wire and electrical tape similar to Rivett 

et al. (2008). Three drive-point piezometers were installed within soap hole SH-01, and four were 

installed in background sediments, respectively. Solinst® 3001 LTC Leveloggers were installed to 

measure the water levels of the standpipes within the soap hole feature. A summary of drive-point 

piezometers and Solinst® Leveloggers installed at the Didsbury field site is provided in Table 3-3. 

Hydraulic heads from drive-point piezometers (manual measurements and pressure transducer 

data) within the soap hole and background sediments were only collected during the summer 

months due to the failure of artesian packers and freezing of the instruments during the winter.  
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Table 3-3. Summary of drive-point piezometer installations.  

Borehole ID Easting 
(m) 

Northing 
(m) 

Surface 
Elevation 

(masl) 

Top of 
Screen 
(m bgs) 

Bottom of 
Screen  
(m bgs) 

Stick-up  
(m) 

Levelogger 
Sensor Elevation 

(masl) 

DP-BG-S 691160.1 5728156.0 1035.2 0.79 1.11 0.55 - 

DP-BG-M 691159.8 5728156.1 1035.2 1.92 2.24 0.94 - 

DP-BG-D1 691160.2 5728155.7 1035.2 2.63 2.95 1.52 - 

DP-BG-D2 691159.4 5728156.0 1035.2 2.66 2.98 0.10 - 

DP-SH-S 691144.3 5728171.2 1036.2 2.71 3.03 1.04 1033.93 

DP-SH-M 691144.3 5728171.3 1036.6 3.32 3.64 2.89 1036.25 

DP-SH-D 691144.3 5728171.6 1036.0 3.75 4.07 3.42 1032.22 

Note: Coordinates and elevation data were collected using Hemisphere S321 RTK DGPS.  

3.3.2. Vibrating Wire Piezometers (VWP) 

Nested VWPs (RST Instruments Ltd. [RST], VW2100) were installed within SH-01 and in 

background materials. Prior to installation, VWPs were soaked in water overnight with the tip 

oriented upwards to saturate the porous tip and remove air bubbles that could impact readings. 

For installation, the VWP tips were oriented upwards and secured to the VWP wire with electrical 

tape. The VWPs were wrapped in 20-µm mesh and surrounded by approximately one centimetre 

of sand1 before being set in place. Within the soap hole, VWPs were fastened to 1-inch nominal 

diameter PVC at the selected depth with hose clamps, with the PVC fastened in place at the 

surface to a support structure that ensured instrument stability. Background VWPs were secured 

to the outside of the 2-inch nominal diameter PVC monitoring well standpipe at the selected 

depths. A summary of installation details are provided in Table 3-4.  

Table 3-4. Vibrating wire piezometer installation details. 

Borehole ID Model Number Serial 
Number 

Pressure 
Rating 
(MPa) 

Easting 
(m) 

Northing 
(m) 

Tip 
Elevation 

(masl) 

Tip 
Depth 

(m bgs) 

BG-VWP-S VW2100-1.0 VW58472 1.0 691157.7 5728153.2 1030.3 8.0 

BG-VWP-M VW2100-1.0 VW58474 1.0 691157.7 5728153.2 1026.3 11.0 

BG-VWP-D VW2100-1.0 VW58473 1.0 691157.7 5728153.2 1022.3 14.0 

SH-VWP-S VW2100-0.07 VW45780 0.07 691143.2 5728169.6 1034.8 1.2 

SH-VWP-M VW2100-0.07 VW45779 0.07 691143.2 5728169.6 1034.2 1.8 

SH-VWP-D VW2100-0.07 VW45781 0.07 691143.2 5728169.6 1033.6 2.4 
Note: Coordinates and elevation data were collected using Hemisphere S321 RTK DGPS.  

 
1 10-20 mesh size silica sand (Premier Silica, Colorado Silica Sand). 





Department of Geoscience                                                                                                                            Faculty of Graduate Studies  

University of Calgary Page 24 

may have been impacted by drilling (i.e., smeared) and therefore not representative of the 

lithology at that depth.  

It should be noted that the sonic coring method adds heat and vibration to the system, potentially 

resulting in a slightly disturbed sample. The heat and vibration have the potential to alter some 

physical and chemical properties of soils. However, vibration during the drilling process was 

minimized by only engaging the sonication when the drill bit was having difficulty advancing.  

3.4.2. Hand Auger  

A hand auger was used to retrieve samples from the hard bottom of the soap hole. A six-

centimetre diameter hollow core auger was used to collect samples at the base of the soap hole 

features. However, due to the rocky base of features found at the Didsbury field site, penetration 

depths were limited. Samples recovered from the auger were slightly disturbed.  

3.4.3. Custom Grab Sampler  

Samples within the soap hole formation were collected using a makeshift grab sampler targeting 

specific depths within the liquified soil. A one-litre polyethylene sample bottle was attached to the 

stem of a hand auger, with the lid attached to a separate stem. A pressure seal was created by 

pushing the lid down on the bottle as both were lowered into the soap hole formation to a select 

depth. When reaching the target depth, the lid was pulled up approximately five-centimetres to 

create a space, and the bottle was shaken slightly to try to force air out of the bottle and mud into 

the bottle. The lid was then pressed down to reengage the pressure seal as the sample bottle 

was removed. 

3.5. Sediment Analysis 

Several laboratory analyses were completed on sediment samples to determine index properties 

to help classify sediments, assess sediment plasticity and how it might respond to stresses, and 

mineralogic composition to help assess physical properties and sediment providence.  

3.5.1. Sediment Classification  

Sediments were classified following the Unified Soil Classification System (USCS) outlined in 

ASTM method D2487-17e1 and D2488-17e1 with approximate constituents (i.e., gravel, sand, 

silt, clay) classified following the Canadian Foundation Engineering Manual (ASTM, 2017c, 

2017d; Becker & Moore, 2006). Sediments were classified using these methods to ensure 
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4.0 RESULTS AND DISCUSSION  

4.1. Geologic Site Characterization  

The Didsbury field site characterization utilized a combination of geophysical and invasive 

methods to understand sediment properties across the site. Geophysical methods were initially 

used as a preliminary exploratory method to assess site geology, determine the depth to bedrock 

and delineate lithological units across the site. Geophysical surveys were also used to try to image 

any hydrogeologic features related to the soap hole features present at the site, and to direct a 

drilling program conducted on-site used to collect sediment cores, install one monitoring well, 

install three VWPs, and push four CPT profiles. The core recovered from the drilling program was 

used to validate the interpreted geophysical survey results and interpret depositional history of 

sediments. Soil grab samples were collected from sediment core recovered from drilling and other 

methods mentioned in (Section 3.0), and used to test sediment physical and index properties 

including particle size distribution, porosity, density, insitu moisture content, Atterberg limits, and 

assess mineralogical composition of selected sediments.  

4.1.1. Electrical Resistivity Tomography  

Geophysical surveys were conducted to help characterize the subsurface geologic conditions and 

try to image any hydrogeologic features that may be present around the site and relate to the 

soap hole features. Electrical resistivity tomography (ERT) surveys were performed along the 

selected transects of 80-m (one-metre electrode spacing), 240-m (three-metre electrode 

spacing), and 400-m lengths (five-metre electrode spacing; Figure 3-2). Three different electrode 

spacings were used to provide several depths of investigation (DOI) to image the subsurface at 

various resolutions. Surveys using multiple gradient and dipole-dipole survey configurations were 

performed concurrently over the same location and data was combined to enhance inversion 

results (Dahlin & Zhou, 2006). The ERT arrays were oriented to investigate the surficial geology, 

depth to bedrock and assessed any spatial heterogeneity surrounding the soap hole features. 

The surveys also attempted to image geologic and hydrogeologic features in the subsurface that 

could be related to the soap hole persistence and potential connection between features. 

Fourteen ERT transects with one-meter electrode spacing collected between August 12, 2019, 

and August 20, 2019, were used in this study. Seven survey lines were oriented roughly 

northwest-southeast (Line 1 to 7), and seven other oriented perpendicular roughly northeast-

southwest (Line 8 to 14; Figure 4-1). The survey lines were centred over SH-01 and were spaced 
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layer with larger clasts mixed with fine-grained sediments (Samouëlian et al., 2005; Bran et al., 

2018). Bedrock was interpreted to be between 10- to 14-m bgs. The region interpreted as the 

bedrock contact is near the bottom edge of the inverted ERT sections, which makes the 

interpretation less certain due to fewer data points constraining the model during the inversion 

process. ERT surveys with a larger electrode spacing were used to increase the survey DOI and 

improve the interpretation of depth to bedrock and extent of geologic units across the site.  

 
Figure 4-2. Annotated ERT section of Lines 4 and 11 displaying the interpreted lithology and bedrock contour, 

and the location of soap holes along the transect.  

Directly below SH-01 in Line 4, there appears to be a reduction in resistivity values and a slight 

uplift and gap in the higher resistivity unit (Figure 4-2). This is interpreted to be a region of 

saturated sediments within and below the soap hole feature and is hypothesized to indicate the 

preferential flow-path for the soap hole feature in the near surface that passes directly through 

the higher resistivity layer. This gap in the higher resistivity layer is not evident in the Line 11 

transect. However, the ERT transects did not intersect the same region of the soap hole, so it is 

interpreted to not extend to this location (Figure 4-1, Figure 4-2). The slight upward trend in the 

higher resistivity region appears to be visible below the soap hole feature in Line 11 but is less 

pronounced than in the Line 4 transect (Figure 4-2). SH-03 was approximately 40-cm south of 

Line 11, and no other transect passed directly over the small (20-cm diameter) feature. There was 

no heterogeneity in the subsurface geology interpreted to be related to SH-03. Within the 

transects of Lines 8 to 14 at approximately 52-m, a region of higher resistivity extended below the 

thin higher resistivity region down to interpreted bedrock (Figure 4-1; Figure 4-2). This feature is 

visible in all the other transects (Figure 4-2). This was interpreted as being a region of coarser 
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Saad & Tonnizam, 2012; Atkinson et al., 2020). The low resistivity values of the bedrock unit are 

attributed to physical and chemical weathering of the bedrock resulting in increased clay content 

and the presence of moisture within the pore space, which both would increase conductivity 

(Dahlin & Zhou, 2006). 

An interesting feature was noted in the eastern portion of Line 21 and Line 22 at approximately 

140-m along the transect (Figure 4-4; Appendix F). The thin region of higher resistive materials 

appears to taper out and disappear in Lines 17 to 20, moving towards the east, but in Line 21 and 

Line 22, the unit appears to extend from the end of the higher resistivity region down to the 

bedrock contact (Figure 4-4; Appendix F). Due to the similar resistivity, this was interpreted as a 

region where larger clasts extended down to the top of the bedrock. A feature such as this would 

be necessary in this setting as it would provide a region of higher porosity and could act as a 

preferential flow-path for groundwater. A more invasive survey (i.e., drilling) would need to be 

conducted to confirm this hypothesis and determine if the region contributes to the local 

hydrogeologic system. 

A persistent near-vertical feature was also noticed in the interpreted bedrock of Lines 2X, 4X and 

6X at approximately 78-m along the transects (Figure 4-4; Appendix F). Vertical features within 

bedrock are not expected to commonly occur in this region due to the near horizontal sedimentary 

layers found throughout the Paskapoo Formation (Hamblin, 2004). At this location, the resistivity 

values are lower than the surrounding interpreted bedrock, potentially indicating a change in the 

bedrock condition. The vertical orientation of the feature, along with the reduction in resistivity 

values, could suggest fractures in the bedrock and fluid flow. This feature is located between 

SH-01 and SH-04 and aligns with the roughly linear distribution of the soap hole features on site. 

However, the lateral extent of the feature is not known due to the limits of the ERT surveys 

conducted. More ERT surveys with variable spacing and orientation should be conducted over 

this region to better understand the features at this location and confirm the previous hypotheses. 

A more invasive survey (i.e., drilling) would also provide valuable information about the bedrock 

condition and moisture content. 

The three-metre electrode spacing ERT surveys were also used to direct the drilling program 

completed in June 2019. Using the inversion results of Line 18, a location between SH-01 and 

SH-04 was selected to place a monitoring well. Interpretation of the inverted tomograph showed 

a vertical feature extending up from bedrock with slightly higher resistivity relative to the 

background. It was hypothesized that the region of higher resistivity was related to increased grain 
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size and porosity, and potentially related to the local flow system that contributes water found 

within the soap hole formations.  

 

 
Figure 4-4. Annotated ERT section of Line 4X and Line 20 displaying the interpreted lithology and bedrock 

contour, and the location of the soap holes along the transect. 

Two ERT transects with five-metre electrode spacing were also collected as part of this study on 

November 2, 2018. These transects were south of the soap hole features, oriented in the east-

west direction along the south (Line 15) and north (Line 16) sides of the train track that pass 

beside the site. The rationale for these surveys was to try and image the bedrock structure around 

one reported flowing shot hole and several other known shot hole locations (Figure 4-5). There 

was one known seismic line that followed parallel to the train tracks, and a single reported flowing 

shot hole was located along the line south of the train tracks, as seen in Figure 4-5. The north 

side of the track was also surveyed as part of the study because the landowner insisted that a 

seismic survey had been conducted along that side of the train tracks in 2002; however, there is 

currently no record of this survey.  
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zone within the bedrock containing water, making the rock more conductive than the surrounding 

material. There do not appear to be any features in Line 15 or Line 16 that would indicate the 

presence of preferential flow-paths within the bedrock surface or overburden, or that this region 

contributes to soap hole formation at the Didsbury field site (Figure 4-6). Nevertheless, it does 

suggest that there is potentially a region of shallow (approximately 30-m bgs) water-bearing 

bedrock. However, this would need to be investigated further to confirm that water is the cause of 

this region of low resistivity and support the hypothesis that fracture flow within the Paskapoo 

Formation allows water from deep within the aquifer to interact with unconsolidated surficial 

sediments and potentially contributes to the high pressures found within the soap hole formations.  

 
Figure 4-6. Annotated ERT section of Line 15 displaying the interpreted lithology and bedrock contour, and the 

location of known seismic shot holes along the transect.  

Results from the ERT surveys were not able to find any indication that there were specific 

preferential flow systems in the region that contributed directly to the soap hole features, or any 

structures connecting the soap hole features. However, there was some evidence to suggest that 

zones of coarse-grained material extended from the upper higher resistivity unit down to bedrock, 

but from the ERT sections alone, it was not known if this was an active preferential flow-path. The 

ERT surveys were able to improve the understanding of general geologic and hydrogeologic site 

conditions. More ERT surveys at targeted locations supported by drilling would be required to 

improve interpretations and further support hypotheses.  

ERT sections in combination with borehole logs (Section 4.1.2) allowed for the creation of a site-

wide geologic conceptual model that helped inform what hydrogeologic processes are 

contributing to soap hole formations. Data from the ERT surveys were also used to support the 

site conceptual hydrogeologic model shown in Section 4.2.3. Individual ERT inversion results for 

each transect mentioned above are provided in Appendix F.  
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4.1.2. Borehole Logs 

Geologic maps of Alberta indicate that the Didsbury field site is located on a thin (0- to 20-m) 

blanket of glacial till (AER, 2016; Atkinson et al., 2020). Using the sonic coring method outlined in 

Section 3.2.2, four boreholes were completed to return sediment cores to assist with the geologic 

and hydrogeologic site characterization and for the installation of monitoring equipment. All 

boreholes outlined in this section were completed between June 17 and June 18, 2019, and the 

location of all boreholes are displayed in Figure 2-2Error! Reference source not found..  

4.1.2.1. Borehole One 

Borehole one (BH1) was drilled to a final depth of 5.10-m bgs, with most of the sediments 

recovered being silty clay with trace sand and gravel that was classified as a glacial till. There 

was a small sand lens from 3.40- to 3.50-m bgs, and a region of cobbles with sands and gravels 

between 4.47- to 4.80-m bgs (Figure 4-10). This region was interpreted as being glaciofluvial 

sediments due to the variability in grain size and larger clasts that suggest a high-energy system. 

4.1.2.2. Borehole Two 

Borehole two (BH2) was drilled to a final depth of 8.28-m bgs, with most of the sediments 

recovered being silty clay with trace sand and gravel that was classified as a glacial till. A small 

gravelly sand lens was encountered between 2.30- to 2.34-m bgs. A region of cobble, gravel, and 

sand between 4.67- to 5.13-m bgs, that overlies a unit of interbedded clayey silt and sand between 

5.13- to 5.73-m bgs (Figure 4-10). Directly overlying the glaciofluvial sediments, there was a slight 

increase in sand content noted between 3.37- to 4.67-m bgs.  

4.1.2.3. Borehole Three 

Borehole three (BH3) was drilled to a final depth of 14.10-m bgs, with most of the sediments 

recovered being silty clay with trace sand and gravel that was classified as a glacial till. A small 

sand lens was encountered between 3.30- to 3.32-m bgs (Figure 4-10). A region of cobble, gravel 

and sand between 4.15- to 4.43-m bgs that overlies a unit of interbedded clayey silt and sand was 

encountered between 4.43- to 4.73-m bgs that was interpreted as glaciofluvial sediments (Figure 

4-10). Weakly lithified siltstones interpreted as the Paskapoo formation were encountered at 

11.10-m bgs, that contained a small cross-bedded sandstone unit between 13.40- to 13.50-m bgs 

(Figure 4-10). Due to the low strength of the material and the sonic coring method that was used, 

the siltstone was mostly pulverized. However, some layered structures were delineated from the 

core that was returned when analyzed further in the lab. Samples pulled from within this unit also 
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assisted in classification, as within the pulverized silt and clay matrix were several angular clasts 

of siltstone.  

4.1.2.4. Borehole Four 

Borehole four (BH4) was drilled to a final depth of 5.58-m bgs, with most of the sediments 

recovered being a silty clay material with trace sand and gravel that was classified as a glacial till. 

A region of cobbles with sands and gravels between 4.42- to 4.83-m bgs that were interpreted as 

glaciofluvial sediments (Figure 4-10). 

4.1.3. Particle Size Distribution 

Particle size distribution (PSD) tests were conducted on samples collected from background 

sediments from boreholes and grab samples collected from within and below soap hole features. 

PSD analyses were conducted to provide further information regarding sediment to support 

hydrogeologic and geotechnical characterization of the Didsbury field site.  

PSD of sediments recovered at the Didsbury field site ranged across the site. Most sediments 

were colloidal-clay with some silt and sand, but it ranged from silt and clay with some sand to 

trace sand (Figure 4-7; Becker & Moore, 2006). There were some samples that possessed trace 

gravel to some gravel (Figure 4-7; Becker & Moore, 2006). Some suspected cobbles were also 

encountered between 4- to 6-m bgs while drilling; however, these sediments were pulverized by 

the drilling process. It was found that the PSD of background till and soap hole sediments were 

comparable, with the standard material being silty clay, with some sand and trace gravel (Figure 

4-7; Becker & Moore, 2006). Deeper sediments collected from the lower till unit in BH3 were found 

to have less coarse-grained (i.e., sand and gravel) compared to samples collected higher in the 

sediment profile (Figure 4-7).  

The wide range of particle sizes and the heterogeneity throughout the sediment profile on site are 

consistent with glacial till compositions, with sand and gravel dominant regions mixed throughout 

a silt and clay-dominant system. The extensive fine-grained sediment matrix found across the 

Didsbury field site is also consistent with surface sediments surrounding soap hole formations in 

other studies (Woods, 2019) and is hypothesized to be a contributing factor in soap hole formation 

by acting as a confining layer (aquitard) that suppresses regional artesian pressures. 
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Background sediments between 0- to 4-m bgs on average were found to have moisture contents 

just above the PL and were expected to be stiff (Anon, 1986; Table 4-2). While background 

sediments between 4- to 11-m bgs on average were found to have natural moisture contents just 

below the PL and were expected to be very stiff (Anon, 1986; Table 4-2). Background sediment 

from 0- to 4-m bgs had LI and CI that ranged from -0.17 to 0.26, with an arithmetic mean of 0.04, 

and 0.74 to 1.17, with an arithmetic mean of 0.96, respectively (Table 4-2). Background sediment 

from 4 to 11 m bgs had LI and CI that ranged from -0.22 to 0.04, with an arithmetic mean of -0.08, 

and 0.96 to 1.22, with an arithmetic mean of 1.08, respectively (Table 4-2).  

Table 4-2. Summary table of Atterberg limits and index properties of sediments collected at the Didsbury field 
site, modified from Bell (2002).  

  m  PL (%) LL1 (%) PI (%) LI CI2 A3 

Range 0 - 4 m bgs in Soap Holes (n = 14)           

Max 103.10 20.48 61.19 (H) 46.99 2.82 0.74 (F) 0.86 (N) 

Min 8.86 10.13 26.6 (L) 13.87 0.26 -1.82 (L) 0.35 (I) 

Mean 34.12 12.80 42.17 (I) 29.37 1.37 -0.37 (L) 0.57 (I) 

                

Range 0 - 4 m bgs in background sediments (n = 14)         

Max 18.74 20.48 87.46 (VH) 66.97 0.26 1.17 (VS) 0.94 (N) 

Min 8.86 11.33 29.64 (L) 16.58 -0.17 0.74 (F) 0.33 (I) 

Mean 14.01 13.71 44.16 (I) 30.45 0.04 0.96 (S) 0.57 (I) 

                

Range 4 - 11 m bgs in background sediments (n = 10)        

Max 17.80 21.70 49.92 (I) 28.93 0.04 1.22 (VS) 0.87 (N) 

Min 14.38 14.99 28.25 (L) 12.39 -0.22 0.96 (S) 0.27 (I) 

Mean 16.64 18.16 38.96 (I) 20.79 -0.08 1.08 (VS) 0.52 (I) 

                

Range 11- 14 m bgs in bedrock samples (n = 4)4         

Max 19.39 20.25 52.26 (H) 32.35 0.47 1.61 (VS) 0.53 (I) 

Min 2.60 12.34 19.71 (L) 7.37 -0.61 0.53 (F) 0.13 (I) 

Mean 11.29 16.96 38.33 (I) 21.37 -0.18 1.18 (VS) 0.38 (I) 

Notes: 
m = Natural moisture content, PL = plastic limit (PL), LL = liquid limit. PI = plasticity index, LI = liquidity index, CI = consistency 
index, A = activity.  
1. Liquid Limit - L = low plasticity, < 35%; I = Intermediate plasticity, 35-50%; H= high plasticity, 50-70%; VH = very high 

plasticity, > 70% (Anon, 1999).  
2. Consistency index - VS = very stiff, > 1; S = stiff, 0.75 - 1; F = firm, 0.5- 0.75; So = soft, 0.25 - 0.5; Vso = very soft, 0 - 0.25; 

L = liquid state, < 0, (Anon, 1986).  
3. Activity - I = inactive, < 0.75; N = normal, 0.75 - 1.25; A = active, > 1.25, (Skempton, 1953).  
4. Sediments collected from 11 to 14 m bgs were not discussed in this section because these samples were pulverized 

bedrock, but still left in the table as a reference. 

Soil activity was also used to predict how a sediment would respond under different site conditions 

(Skempton, 1953). The activity of soap hole sediments ranged between 0.35 to 0.86, with an 

arithmetic mean of 0.57 (Table 4-2). Background sediments between 0- to 4-m bgs ranged from 
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Figure 4-8. Depth profiles showing the variation of insitu moisture content, plastic limits, and liquid limits of 

sediments collected from within soap hole features and background materials. Unified soils 
classification system plasticity chart showing the distribution and expected behavioural 
properties, and displaying Seed et al., (2003) criteria for liquifiable soil (orange) and potentially 
liquifiable soil (yellow). 

The unified soils classification system (USCS) plasticity chart was utilized to compare and classify 

soils from the study site (Figure 4-8). The USCS is often used in soil mechanics because these 

classifications allow for a simple way to predict the interaction between the solid and liquid phases 

in soils, thus allowing the soils with similar mechanical properties to be grouped. As shown in 

Table 4-2, background sediments and sediments from soap hole features at the Didsbury field 
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can also be used to approximate several mechanical properties that are believed to be important 

regarding the formations of soap holes, such as undrained shear strength (Skempton & Henkel, 

1953; Skempton, 1957; Bjerrum & Simons, 1960; Karlson & Viberg; 1967; Wrooth & Wood, 1978; 

Vardanega & Haigh, 2014; Leroueil et al., 1983; Locat & Demers, 1988; Yilmaz, 2000), hydraulic 

conductivity (Dolinar, 2009), and deformability (Wrooth & Wood, 1978; Terzaghi et al., 1996). 

Several correlations were attempted between sediments samples; however, the samples 

collected from the Didsbury field site did not correlate well with results collected from other 

laboratory and field analyses. These studies appeared to show local relationships between index 

properties and mineralogy and appear to be invalid for the sediments from the Didsbury field site. 

So, these index property correlations were not used in this study.  

4.1.5.1. Altering Ion Concentrations  

Intergranular water content at the Atterberg limits is highly dependent on sediment mineralogy, 

and clay content (Grim, 1962; Dolinar & Trauner, 2004, 2005). Clays have both pore water and 

water that has adsorbed to their structure, and the interlayer water content is highly dependent 

on the interlayer cations (Grim, 1962). In non-expanding clays (e.g., Smectite), water is strongly 

adsorbed to the external surfaces; however, in expanding clays (e.g., Illite, Montmorillonite), water 

is adsorbed to both the external and internal surfaces (Grim, 1962). Previous studies conducted 

by analyzed the effects of cation valence, ion concentration, pH of pore water and clay minerals 

on the Atterberg's limits (Kaya and Fang, 2000; Sridharan et al., 2002: Di Maio et al., 2004; Gajo 

and Maines, 2007; Yukselen-Aksoy et al., 2008). Results of these studies suggested that as water 

salinity increases, there is a decrease in PL and LL of high plastic (CH) sediments; however, there 

has been less agreement on the salinity effect on the PL and LL of low plastic (CL) sediments as 

results typically are not significant. The reduction in LL is believed to be due to a reduction in the 

clay double-layer thickness from the additional cations replacing adsorbed water molecules, 

which would subsequently stiffen the soils (Mahasneh, 2004). This reduction in the available 

surface for water to interact with clay particles would reduce LL (Mahasneh, 2004).  

Test results indicated that the addition of natural water found at each site (i.e., Torrington, AB and 

Rumsey, AB) reduced the liquid limit by 4% to 8% of the total water content at the liquid limit. 

There was no effect (< ±0.5%) to the sample plastic limit water content (Figure 4-9). Sediments 

from the Torrington, AB and Rumsey, AB field sites were found to be high plastic with a high 

percentage of expansive clays (Woods, 2019). These results are somewhat consistent with the 

previous studies, as the reduction of the sediments LL was a consistent across all samples; 
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however, there was no notable change in PL. This is important to consider as the PL and LL are 

often correlated to other geotechnical strength properties, and this would indicate that the shear 

strength of the sediments is potentially being reduced over time as cations concentrate within the 

near-surface sediments, increasing the risk of piping erosion.  

The effect of additional cations was not able to be tested on materials from the Didsbury field site 

due to lack appropriate treatment water. However, the near surface sediments would be expected 

to have higher concentration of cations due to evaporitic concentration of ions. Inspection of the 

Atterberg limit depth profile from the Didsbury field site, appeared to indicate the increased 

concentration of available cations near the ground surface did not reduce the PL or LL (Figure 

4-8). This would coincide with findings that sediments at the Didsbury field site did not contain a 

significant component of expansive clays (Section 4.1.6).  

 
Figure 4-9. Comparison of plastic limit and liquid limit of sediments collected from Torrington, AB and Rumsey, 

AB, (Appendix L) following a treatment of well water collected from the respective sites. 
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4.1.6. XRD Analysis 

Results between the XRPD and OXRD analyses varied greatly. Results were not directly 

compared due to the differences in analysis methods and the sample fractions that were analyzed 

(i.e., bulk sample versus fines fraction).  

First, an XRPD analysis was completed to determine the bulk mineralogy of sediments collected 

from the Didsbury field site. Sediments were found to comprise a mixture of clay minerals 

(kaolinite, sepiolite, montmorillonite), crystalline materials (quartz, albite, anorthite), carbonates 

(calcite, dolomite, aragonite, gaylussite, chalconatronite), evaporites (polyhalite, burkeite), and 

mineral oxide (goethite). A summary of general compositions from XRPD results is shown in Table 

4-3.  

The sediments were expected to have significant clay contents based on the grain size analysis 

and Atterberg limit results (Section 4.1.3 and Section 4.1.5). Kaolinite was the most abundant clay 

mineral identified in samples collected from the Didsbury field site (Table 4-3). Kaolinite was found 

in every sample analyzed, ranging from 3% to 60% of the total sample composition (Appendix C). 

Kaolinite forms from the chemical weathering of volcanic materials (i.e., K-feldspar and 

plagioclase), which can be found east of the Didsbury field site in the Canadian Shield and regions 

in the Canadian Rocky Mountains (Ross & Hendricks, 1945; Jackson, 1980; Moran, 1986; Hendry 

et al., 1986). Based on the proximity of the Didsbury field site to the Foothills Erratic Train, the 

field site was likely near the western margin of the Laurentide ice sheet (Figure 2-1). The 

prevalence of kaolinite in the XRPD analysis also supports that the Didsbury field site is located 

in a region previously covered by the Laurentide ice sheet. 

Calcite and dolomite were the dominant carbonate minerals present in most samples aside from 

BH2-Atter1 and Dids-2-S-1, which has more aragonite, and Dids2-SH1-S1, which was found to 

have no carbonates. Carbonate minerals are a good indicator of provenance, as these minerals 

are found throughout the Western Canadian Sedimentary Basin (WCSB; Jackson, 1980; Moran, 

1986). Evaporites were also found in seven samples collected from background sediments and 

the soap hole features. These carbonate minerals and evaporites are hypothesized to have been 

scoured from the WCSB by the advancing ice sheet and deposited as lodgement till at the site.  

Quartz was the most prevalent crystalline material in the samples, while anorthite and albite were 

only found in one and three samples, respectively. Two samples collected at the surface of SH-

02 (i.e., Dids-2-S-1 and Dids-2-S-2) had a relatively low amount of quartz (4% to 5%) compared 

to the remaining samples, which ranged between 10% to 76%.  
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The prominence of smectite and compositions of the crystalline mineralogy would also suggest 

that the Didsbury field site is located within a region previously covered by the Laurentide ice 

sheet. Smectite is typically derived from volcanic ash and erosion of volcanic materials (i.e., 

K-feldspar and plagioclase), which would suggest sediment providence would be east of the site 

in the Canadian Shield (Ross & Hendricks, 1945; Prest et al., 1968; Moran, 1986).  

Results from the XRPD and OXRD analyses support the interpretation of a complex site history 

as composition results from the analyses suggested sediments with providence from the 

Canadian Shield and WCSB are both found at the Didsbury field site. Glacial scouring of near 

surface bedrock and deposition of lodgement till by the Laurentide ice sheet was interpreted to 

the mechanism of sediment transport and deposition. 

Table 4-4. Summary of OXRD results from the following glycol and heat treatments. Analysis was conducted 
by Ron Spencer of the University of Calgary. 

Clay Minerals 

Sample ID Location 

Sample 

Depth 
Illite Smectite Kaolinite Total Clay 

(m) (%) (%) (%) (%) 

BH1-Atter4 Borehole 1 1.2 3.5 17.5 3.8 24.8 

BH2-Atter1 Borehole 2 0.5 3.7 27.4 5.7 36.9 

Dids-SH1-In4 Soap Hole 1 1.0 2.8 28.2 2.6 33.6 

Dids-2-S-1 Soap Hole 2 0.1 5.2 15.2 7.1 27.5 

Dids-2-S-2 Soap Hole 2 0.1 5.8 31.1 6.3 43.3 

Dids-SH2-In4 Soap Hole 2 1.2 4.3 27.4 4.2 35.9 

Crystalline Minerals 

Sample ID Location 

Sample 

Depth 
K-feldspar Plagioclase Calcite Dolomite Pyrite 

(m) (%) (%) (%) (%) (%) 

BH1-Atter4 Borehole 1 1.2 7.6 8.7 14.6 17.1 0.3 

BH2-Atter1 Borehole 2 0.5 8.1 6.4 8.0 7.5 0.3 

Dids-SH1-In4 Soap Hole 1 1.0 7.7 8.9 5.9 10.1 0.2 

Dids-2-S-1 Soap Hole 2 0.1 3.6 7.3 6.0 27.0 0.2 

Dids2-S-2 Soap Hole 2 0.1 8.3 6.5 5.6 9.5 0.2 

Dids-SH2-In4 Soap Hole 2 1.2 3.5 6.8 6.5 14.5 0.2 

Two samples (i.e., Dids-2-S-1 and Dids-2-S-2) were also directly compared to investigate the 

hypothesis that SH-02 formation at the Didsbury field site is related to drilling or seismic 

exploration activity. From observations made in the field of surface sediments at SH-02, it 

appeared the surface of the soap hole had two distinct mineralogical compositions. Most surface 

sediments were brown and had desiccation cracks covering the surface and appeared to 
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resemble most other sediments found at the site (Dids-2-S-1). However, on the southeast edge 

of the feature, the surface sediments were light grey and had dried with a kernel morphology that 

resembled hydrated bentonite used to backfill drill holes (Dids-2-S-2).  

Results of the XRPD analysis found two primary differences in the mineralogical compositions 

between Dids-2-S-1 and Dids-2-S-2. Dids-2-S-1 had a higher carbonate content (aragonite) than 

Dids-2-S-2, while Dids-2-S-2 was found to have a noticeably higher clay content (smectite) than 

Dids-2-S-1 (Table 4-3). The variability in the clay content between the samples is interesting 

because sample Dids-2-S-2 was hypothesized as potentially being linked to a backfilled drill hole 

and was found to have a significantly higher clay content than its counterpart (Dids-2-S-1).  

OXRD results found three primary differences in the mineralogical compositions between 

Dids-2-S-1 and Dids-2-S-2. Sample Dids-2-S-2 was found to have a higher amount of smectite 

and K-feldspar compared to Dids-2-S-1. While Dids-2-S-1 was found to have more dolomite than 

Dids-2-S-2 (Table 4-4).  

The higher smectite percentage found in Dids-2-S-2 OXRD results are interesting due to the 

industrial use of the smectite - smectites are used in industry as fillers, carriers, absorbents, and 

a component in drilling fluids (Grim, 1962; Mirza & Barrett, 1998). In the XRPD results, bentonite 

is also part of the smectite group of clays and is commonly used in the backfilling of boreholes 

due to its high swelling potential and low permeability (Mirza & Barrett, 1998). This could suggest 

a potential connection between the formation of SH-02 at the Didsbury field site and drilling 

activities. This interpretation could also be supported further when older seismic line data of 

survey tags found on site are received from the Alberta Energy Regulators if the 15-year 

moratorium on the data is surpassed as part of the Mines and Minerals Act RSA 2000 to compare 

drilling locations to the location of this soap hole. 

There is a noticeable difference between XRPD and OXRD analysis results. Differences likely 

resulted from the different methods of analysis and the different sample fractions used for 

analysis. Results of the XRPD analyses could be refined and improved by incorporating chemical 

mass balance by combining XRF data with XRPD data, and the proper computer software.  

4.1.7. Site Geologic Interpretation 

Bringing together all the geophysical surveys, borehole logs and interpretations, and sediment 

index testing results a site geologic interpretation was completed. The site geologic interpretation 

provides insight into site conditions and provides a foundation for building a site hydrogeologic 

and geotechnical understanding related to soap hole formation.  
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Based on the proximity of the Didsbury field site to the Foothills Erratic Train, the field site was 

likely near the western margin of the Laurentide ice sheet during the last glacial maximum (Figure 

2-1). Lithology interpretations from the sediment cores collected from the drilling program 

conducted at the Didsbury field site were consistent with expected sediment composition of a 

glacial till blanket (AER, 2016). The most common sedimentary unit found on site was a clay 

dominant material with a significant silt component and some sand, trace subrounded gravel and 

cobbles. Two separate units were interpreted to be present on site; one overlying the coarse-

grain deposit, and one underlying the coarse-grained deposit. The upper till unit was also found 

to have small and discontinuous sand lenses present throughout. Due to the mix of clay and silt 

along with sand and gravel, this material was classified as lodgment till.  

The second major sedimentary unit found on site was a coarse-grained sedimentary unit that was 

present in all four boreholes with varying thicknesses located at a depth of approximately 4- to 

6-m bgs. Pulverized cobbles and subrounded gravels were encountered along an interbedded silt 

and sand unit, which would indicate that this deposit was formed by a high-energy system. This 

led to the classification of a glaciofluvial deposit or possibly a glacial outwash deposit. Results 

from the ERT surveys also suggest that this unit is discontinuous and appears to gradually thin 

and disappear towards the northeast.  

Bedrock depths were interpreted to be approximately 10-m bgs to 14-m bgs in the ERT sections 

and were expected to range between 0- to 20-m bgs in the regionally (Slattery et al., 2011). Based 

on bedrock maps of the region, Paskapoo formation siltstone and sandstone were the expected 

lithology (Prior et al., 2013). Bedrock was encountered in BH3 at 11.10-m bgs, where weakly 

lithified Paskapoo formation siltstone was intersected.  

Interpretation of site lithology suggest that water was moving through the site with varying 

amounts of energy as the Laurentide ice sheet progressing/regressing across the site. Large 

cobbles and gravels encountered between 4-to 6-m bgs suggest a higher energy environment, 

such as a subglacial or proglacial stream or river passed through the site. It is interpreted that this 

event was then proceeded by the deposition of lodgment till.  

A summary of the interpreted lithology from each borehole can be seen in Figure 4-10 and a 

comparison to ERT data is shown in Figure 4-11.  
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Figure 4-10. Borehole logs displaying interpreted lithologies for each of the boreholes completed at the 

Didsbury field site.  
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Figure 4-11. Borehole log schematic of BH3 overlaid on ERT Line 4 and Line 19 comparing interpreted geology 

to ERT data collected.  

4.2. Hydrogeologic Site Characterization  

The following section describes the interpreted hydrogeologic conditions at the Didsbury field site. 

Results from VWPs and drive-point piezometers installed on site, CPT profiles, borehole data, 

Rhizon CSS soil moisture samplers (Rhizon SMS), and geospatial information of the surrounding 

region were used to characterize the site. A hydrogeologic conceptual model was then developed 

showing local and regional site conditions and how these conditions are hypothesized to relate to 

soap hole formation at the Didsbury field site.  

4.2.1. Physical Hydrogeology 

Hydrogeologic conditions and sediment properties of the Didsbury field site were interpreted using 

hydraulic head, vertical gradients and hydraulic conductivity data to provide a broader context of 

how water is hypothesized to move through the site. 

4.2.1.1. Groundwater Elevation and Hydraulic Gradient 

Artesian conditions were encountered by all VWPs, and drive-point piezometers installed within 

the soap hole feature (SH-01). The hydraulic head of the drive-point piezometers in the summer 

months (i.e., May to September) was above ground surface, with water levels ranging from 0.76-

m above ground surface (m ags) in SH-DP-S to 4.02-m ags in SH-DP-D (Figure 4-12). Pore 

pressures from VWPs indicated a potentiometric surface above the soap hole feature ranging 
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from 0.74-m ags in SH-VWP-S to 1.59-m ags in SH-VWP-D (Figure 4-12). VWPs also indicated 

that artesian pressures within the feature persisted year-round.  

VWPs, and drive-point piezometers installed within background sediments indicated groundwater 

elevations were below the ground surface, except for BG-DP-D1, which was found to have 

artesian conditions. BG-DP-D1 was installed at 2.95-m bgs with an average water level of 1.57-

m ags (Figure 4-12). A second drive-point was installed (BG-DP-D2) at 2.98-m bgs, approximately 

0.40-m west of BG-DP-D1, to determine if a persistent geologic unit that might contain artesian 

pressures existed (Figure 4-12). This depth also roughly coincided with the approximate depth of 

the hard bottom of the soap hole feature SH-01 (2.60-m bgs). However, BG-DP-D2 did not show 

artesian conditions, with the average water level approximately at 2.60-m bgs (Figure 4-12). The 

difference in water level between the DP-BG-D1 and DP-BG-D2 provided some insight into the 

local flow system.  

One hypothesis related to the heterogeneity of glacial till is that BG-DP-D1 intersected a 

discontinuous sand lens that is hydraulicly connected with the surrounding artesian pressures. 

Thin and discontinuous sand lenses are common in glacial till found on the Canadian prairies 

(Shaw, 1982). Also, drill core of background material intersected three small sand lenses; BH1 

from 3.40- to 3.45-m bgs, a dense and damp lens of fine sand; BH2 from 2.30- to 2.34-m bgs a 

moist sand and fine gravel lens; and in BH3 from 3.30- to 3.32-m bgs a lens of a loose and dry 

mix of sand (fine to coarse) and gravel (Section 4.1.2). The different depths, moisture content and 

grain sizes of the features suggest that the sand lenses are not likely to be continuous in extent.  

The second hypothesis is that the drive-point piezometer intersected a fracture within the glacial 

materials that is hydraulicly connected with the surrounding artesian pressures. Fractures within 

glacial tills have been shown to naturally persist in near-surface glacial tills and extend several 

metres (Hanna, 1966; Grisak & Cherry, 1975). Formation of these fractures can be related to 

several processes, including desiccation materials, isostatic rebound following deglaciation, 

contraction from freezing, or shearing from glacial movement (Grisak & Cherry, 1975; Boulton & 

Paul, 1976; Kirkaldie & Talbot, 1992; Allred, 2000). Fractures in till can be challenging to identify 

because fractures can blend in with the surrounding soil matrix after the core is disturbed during 

drilling, especially if the fracture has not been oxidized (McKay & Fredericia, 1995). The sediment 

core was inspected for regions of oxidation and potential fractures as part of the core logging 

procedure; however, no fractures were identified. In other studies, fractures in glacial tills have 

been found to be vertically oriented, drastically reducing the probability of intersecting a fracture 

in the sediment core because the drill holes in this study were also vertically oriented (Hannah, 
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Figure 4-12. Hydraulic head for installations located within a soap hole feature, and the background region. 

Bars indicate the range of hydraulic head for each instrument measured between May 2019 and 
August 2020, with the dashed line indicating the average hydraulic head. Hydraulic gradient is 
calculated between each instrument and marked by a black circle.  

Results from ERT surveys and drill holes indicated a semi-continuous glaciofluvial or outwash 

unit between 4- to 6-m bgs consisting of sand, gravel and cobbles that may also influence the 

local flow system. This unit appeared in all four boreholes and was interpreted to be present 

across most of the site in the ERT surveys (Section 4.1.2). Although the sediments recovered in 
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Figure 4-13. Hydraulic conductivity estimates utilizing grain size estimates (Sauerbrei, 1932; Barr, 2001), 
specific surface area both estimated and laboratory results (Brunaur et al., 1938; Kozeny-Carmen, 
1963; Ersahin et al., 2006), single well response tests (rising head tests), and CPT sounding 
estimations (Robertson & Wride, 1998; Robertson, 2010c).  

All CTPu profiles of background sediment appeared to show a decreasing trend in hydraulic 

conductivity with increasing depth. This decrease is likely a result of mechanical weathering from 

freeze-thaw mechanisms, chemical weathering and desiccation of sediments that would have an 

increased effect near ground surface. These processes would increase the prevalence of 

fractures in the near-surface materials (Hannah, 1966). 
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within the range of unfractured glacial tills (Freeze & Cherry, 1979). Although results from these 

methods varied from the result from the single well response test, CPT and Kozeny-Carmen 

estimates, these results are still considered appropriate as these values are hypothesized to be 

more representative of hydraulic conductivity of the bulk till matrix in the unweathered and less 

desiccated sediments deeper in the subsurface. Values from CPT3 profile below 5-m bgs ranged 

from 3.98 x 10-4 to 1.03 x 10-10 m/s and had an average value of 9.23 x 10-9 m/s, which is within 

the range of these estimates.  

In summary, the hydrogeologic conditions surrounding the collection of soap hole formations near 

the Didsbury field site were very complex; however, hydraulic of the geologic units on site were 

consistent with other glacially derived systems found in Alberta, generally ranging between 10-7 

to 10-10 m/s, with some small regions between 10-2 to 10-6 m/s (Freeze & Cherry, 1979; Hendry, 

1982). CPT profiles found that sediments below the soap hole formation had a slightly higher 

average hydraulic conductivity (10-6 m/s) than the background sediments (10-8 m/s), likely due to 

the larger sediment clasts found at the base of the formation. Single well response tests and 

correlations using particle size distributions also found hydraulic conductivity values between 107 

to 10-9 m/s, except for the Sauerbrei (1932) and Barr (2001) correlations, which suggested 

hydraulic conductivity ranging between 10-10 to 10-12 m/s.  

These findings support the hypothesis that features such as fractures and course-grained 

sedimentary units with hydraulic conductivity interbedded within the clay dominate glacial till unit 

are present on site and likely dominate groundwater flow at the Didsbury field site. The low 

estimated hydraulic conductivity and natural moisture content of background sediments suggests 

that minimal groundwater flow occurs through the bulk sediment matrix. While the slightly higher 

hydraulic responses below the soap hole feature and at DP-BG-D1 were saturated and had 

relatively quick hydraulic responses, indicating that groundwater is moving through the region. 

The distribution of fractures and discontinuous course-grained sediments appear to be one 

mechanism controlling the formation of soap holes at the Didsbury field site as the deep 

groundwater needs conduits to bypass the confining clay dominate glacial till unit. However, as 

stated in Section 4.2.1.1, the installation of more instrumentation and drilling throughout the field 

site would improve interpretations. 

4.2.2. Water Chemistry and Isotopes  

Water samples collected from SH-01 and sources from the surrounding area were analyzed as 

part of a hydrogeological site investigation. Analysis of water collected from bedrock sources 
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Ratios of Na+, Ca2+, SO4
2- and HCO3- from water samples collected at the Didsbury field site were 

plotted and compared against ratios from the Paskapoo Formation (Grasby et al., 2008). When 

comparing ion ratios from the SH-01 to the ion ratios found throughout the Paskapoo Formation 

shown in Grasby et al. (2008), the soap hole water plotted in the region typically indicative of 

groundwater found in the eastern Paskapoo Formation due to the high Na+ concentrations 

(Grasby et al., 2008). Surface water from the site was also plotted in this region; however, the 

well water samples were plotted within regions associated with water from the western Paskapoo 

Formation (Figure 4-15; Grasby et al., 2008).  

In Grasby et al. (2008), it was noted that groundwater recovered from the Paskapoo Formation 

typically fell on a 1:1 (Ca2+ : HCO3-) line or had excess alkalinity relative to calcium. This was 

consistent for all water samples collected on-site. Samples collected from the water well had a 

higher concentration of Ca2+ than the other samples collected (Figure 4-15). Water collected from 

within the soap hole and surface water was found to have a near 1:1 (Na+ : HCO3-) ratio (Figure 

4-15). Results from Grasby et al. (2008) suggested that Na+ concentrations increase towards the 

east, and Ca2+ concentrations are typically reduced.  

The SO4
2- concentrations from the water samples collected on site were very low relative to Na+. 

This is consistent with results from Grasby et al. (2008), which indicated elevated SO4
2- 

concentrations are exclusively found along the eastern edge of the Paskapoo Formation.  
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Figure 4-17. Comparison of isotope samples collected from the Didsbury field site (2019) to the Calgary local 
meteoric water line (Peng et al., 2003), and a depth profile of oxygen and deuterium isotopes. 

Water isotopes were also compared to the local meteoric water line (LMWL) for the Calgary area 

to see if there was an evaporitic trend that may indicate the possible source of the water within 

the soap hole (Peng et al., 2003). It was also compared to the water isotope results from the water 

well located near the site and surface water sample collected (Figure 4-17). Isotopes collected 

from the site plotted near the Calgary area LMWL, but no evaporation trend was notice for the 

soap hole or surface water samples (Figure 4-17). Seasonal changes in isotope ratios could 

explain the variance between the water sources (Peng et al., 2003).  

Collection of more groundwater and precipitation isotope samples at different times throughout 

the year would provide a more robust dataset that could provide more insight into these 

relationships. Using precipitation samples a LMWL of the Didsbury field site could be developed 

to determine the general water isotope composition, and then compared to groundwater isotopic 

composition to better understand the groundwater sources (e.g., precipitation recharge vs ancient 

water).  

Groundwater geochemistry results suggest that shallow bedrock groundwater in the nearby water 

well is sourced from a location west of the Didsbury field site, likely overlain by Cordilleran-derived 

materials, consistent with Grasby et al. (2008). For samples collected in SH-01 it is difficult to 

determine if the water source is the underlying Paskapoo bedrock or a shallow source because 

there is no clear signature in the chemistry or isotope results. Geochemical results collected from 
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SH-01 had elevated concentrations of Na+, HCO3-, and TDS relative to groundwater typically 

found in the mid-region of the Paskapoo Formation (Grasby et al., 2008). Groundwater samples 

collected from SH-01 are more similar to groundwater found farther east (Grasby et al., 2008). 

However, it is hypothesized that geochemical interaction between groundwater and the overlying 

sediments derived from the Laurentide ice sheet are altering the ion concentrations. Sodic soils 

are found throughout the site and are characterized by having an excess of Na+ ions in the soils. 

It is believed that as the water is mobilized through the sediments, Na+ ions dissolve and are 

concentrated in the water within the soap hole formation. Elevated HCO3- concentrations are also 

hypothesized to be the result of interactions between the groundwater and carbonate rich 

sediments at the Didsbury field site (Section 4.1.6). These interactions would result in an increase 

in TDS concentrations. 

4.2.3. Conceptual Hydrogeologic Model 

Results from the site geologic interpretation outlined in Section 4.1.7 were used as a foundation 

and in combination with  results from the hydrogeologic characterization (Section 4.2.1 and 4.2.2), 

to build the following hydrogeologic conceptual model for the Didsbury field site and surrounding 

region (Figure 4-18). 

At a local scale (i.e., Didsbury field site), the site hydrogeology appears to be strongly influenced 

by vertical and horizontal hydraulic structures (i.e., fractures and sand lenes) that create a 

preferential flow network through the surficial sediments. Based on the estimated values of 

hydraulic conductivity on the site, the bulk glacial (lodgement) till is expected to act as an aquitard 

confining the elevated hydraulic pressures. Sediment cores, hydrogeologic instrumentation, CPT 

profiles and hydraulic conductivity estimates suggest that fractures and, sand and gravel lenses 

within the till complex provide preferential flow-paths for groundwater movement and are the 

primary driver for groundwater flow at the Didsbury field site.  

Elevated pore pressures found within and below the soap hole features appear to align with 

regional potentiometric surface maps. Extrapolating pore pressures down to the interpreted 

bedrock surface using hydraulic gradient calculated in SH-01 using VWPs and drive point 

piezometers would indicate that the hydraulic head from the bedrock would be approximately 

40-m ags. This would be consistent with the potentiometric surface map by Liggett (2017) that 

suggests the potentiometric surface for the Paskapoo formation in the area is approximately 

35-m ags. The presence of artesian water wells and flowing shot holes within the vicinity of the 



Department of Geoscience                                                                                                                            Faculty of Graduate Studies  

University of Calgary Page 84 

soap hole formations further supports that the regional bedrock flow system has artesian 

pressures.  

Geochemical characteristics of groundwater from the local bedrock suggest water originates west 

of the site in a region overlain by materials derived from the Cordilleran ice sheet. The 

geochemical characteristics of groundwater from the soap hole features have a signature of the 

Laurentide ice sheet. Groundwater-sediment reactions as the groundwater moves through sand 

lenses and fracture networks is thought to change the geochemical makeup of the water through 

the addition of ions, along with the potential mixing of water from shallow groundwater systems.  

 
Figure 4-18. Site hydrogeologic conceptual model for the Didsbury field site.   
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change with depth and location. This included the calculation of the sodium adsorption ratio 

(SAR), exchangeable sodium percentage (ESP), and cation ratio of soil stability (CROSS). 

Solonetzic soils have three categories based on the electrical conductivity (EC) and the SAR of 

sediment. These soils are classified as either; sodic (SAR > 12, EC < 4 mS/cm), saline (SAR < 

12, EC > 4 mS/cm), or saline and sodic (SAR > 12, EC > 4 mS/cm). All soap hole sediments and 

majority of the background sediments were found to be sodic (Figure 4-20). However, several of 

the shallow background sediments had higher EC, and are classified as sodic and saline (Figure 

4-20). All sediments collected at the Didsbury field site were classified as Solonetzic soils.  

 
Figure 4-20. Sodic and saline classification from sediments collected at the Didsbury field site.  

Results from SAR and ESP analyses indicated that the upper three metres had a slight increasing 

trend in the amount of available exchangeable cations in the background sediments (Figure 4-21). 

Within the soap hole features, sediments did show an elevated SAR and ESP relative to deeper 
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background sediments; however, there was no distinguishable trend with respect to depth within 

the soap holes (Figure 4-21).  

Elevated ion concentrations in the near surface background sediments are hypothesized to be 

due to the evaporitic concentration of ions. This trend is very similar to the results of water 

chemistry profiles found within the soap hole features but appear deeper in the sediment profile 

(Section 4.2.2). The initial decrease in background sediments before the peak at approximately 

0.9-m bgs is suspected to be due to the leaching of ions downwards during precipitation events 

and runoff, and the lack of an upward vertical gradient in groundwater.  

Elevated ion concentrations in the soap hole sediments are also likely due to the evaporitic 

concentration of ions near the ground surface as supported by the results in Section 4.2.2. 

However, the lack of a distinguishable trend with respect to depth is difficult to explain, as available 

cations concentrations were expected to resemble groundwater geochemistry results from SH-01 

that found a decreasing trend in ion concentrations with depth.  

SAR within the soap hole features ranged from 13.6 to 76.9, with a geometric mean of 46.7. There 

was a slight difference in the range of sediments collected between SH-01 and SH-02. However, 

it was negligible and is attributed to the small sample size for each feature (nSH-01 = 9, nSH-02 = 6). 

SAR from background sediments in the upper four metres was comparable to the sediments 

collected from within the soap hole, ranging from 24.1 to 83.2, with a geometric mean of 46.7. 

Sediments from 4 to 11 m bgs ranged from 13.8 to 25.1, with a geometric mean of 20.6. A gradual 

decreasing trend in the SAR of the background sediments. Bedrock samples were also 

disaggregated and tested to compare potential parent materials with the unconsolidated 

sediments. Bedrock samples ranged between 23.4 to 29.1, with a geometric mean of 26.0, 

indicating that the Paskapoo Formation shale at the Didsbury field site also possess dispersive 

properties.  

ESP was calculated to assess the influence of available sodium ions relative to other major 

cations (i.e. potassium, calcium, magnesium). Exchangeable cations were analyzed not only to 

assess the potential influence of clay dispersion on sediments, but also to assess factors that may 

influence permeability and hydraulic conductivity. Mobile sodium cations are important because 

it has been found that even when maintaining a consistent SAR, hydraulic conductivity can be 

reduced when sodium is the primary exchangeable cation (Marchuk & Rengasamy, 2010). 

Results from ESP calculations found that sodium ions dominate the exchangeable cation 

concentrations in both soap hole and background sediment samples. ESP from samples collected 
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within the soap holes ranged from 78% to 99%, and background sediments ranged from 93% to 

98% in the upper four metres, and 72% to 97% below four metres, respectively. Like SAR, there 

were only minor differences in ESP between the sediments from the soap hole formations and 

the near-surface background sediments. General ESP remaining consistent throughout the 

sediment profile, with potentially a minor decreasing trend in background sediments below 5-m 

bgs (Figure 4-21).  

 

 



Department of Geoscience                                                                                                                            Faculty of Graduate Studies  

University of Calgary Page 90 

Figure 4-21. Profile displaying how SAR, EC, CROSS, and ESP vary with depth both in background sediments 
and sediments collected from within the soap hole.  

CROSS was used to determine the effects other available cations might have on clay 

deflocculation (dispersion). Although Na+ is typically the primary ion contributing to soil dispersion, 

K+ cations can also influence clay dispersion (Marchuk & Rengasamy, 2010). In contrast, Ca2+ 

and Mg2+ ions will influence clay flocculation and are often associated with stable clays (Marchuk 

& Rengasamy, 2010). Due to the dominance of Na+ found within the pore water extracts, the 

profile of the CROSS with depth is nearly identical to the SAR profiles with depth (Figure 4-21). This 

indicates that Ca2+ and Mg2+ have a negligible impact on clay flocculation, and K+ is only minorly 

contributing to soil dispersion on site.  

Generally, the results from the soil dispersion analyses support the hypothesis that soil found at 

the Didsbury field site would be prone to mobilization and fluidization of sediments by a high 

hydraulic gradient. This increases the chance of piping erosion that could expand existing fluid 

conduits and potentially generate new flow-paths in the subsurface and could help connect 

surrounding fluid conduits creating an interconnected system of fractures and sands lenses.  

It is also hypothesized that elevated pore pressures experienced below and within the soap hole 

feature, and high dispersive properties of sediments within the soap hole feature could allow the 

sediment to remain in a liquid state and not flocculate, making the sediments easier to continually 

mobilize. This would help keep clay surfaces covered in monovalent cations and the materials 

deflocculated, maintaining the fluidized mud within the feature. 

Soil dispersion can also reduce permeability and potentially help explain how the soap hole 

feature is localized and able to maintain a distinct hard edge. Dispersive soils have been found to 

reduce permeability by clogging pores with smaller mobilized particles (Marchuk & Rengasamy, 

2010). It is hypothesized that as the soap hole is forming, the permeability of the materials flanking 

the formation is slowly reduced as the soap hole expands until the maximum extent is reached, 

at which permeability is effectively reduced to zero along the edge of the feature. Although this 

was not confirmed as part of this study, field-based observations of a small 0.4-m by 0.4-m pit 

dug near the west edge of SH-01 did find that the sediments within two centimetres of the soap 

hole edge were below the plastic limit. In contrast, the sediments within the feature were 

completely fluidized. This would indicate that although elevated pore pressures exist within the 

feature, pore pressure and water does not easily permeate horizontally into surrounding 

sediments even though a horizontal hydraulic gradient would exist.  
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Overall, the sediment samples collected at the Didsbury field site indicate that distribution of 

dispersive soils is extensive. The experiments and relations above cannot directly prove the 

influence of soil dispersion on soap hole formation and prevalence. However, the results provide 

insight into how sodic soils may contribute to forming soap hole features through soil dispersion 

by impacting hydraulic conductivity and piping erosion.  

4.3.2. Critical Gradient and Piping  

The critical hydraulic gradient was another factor considered due to the relation to fluidization and 

piping erosion of sediments. Fluidization of small soil particles is possible when the critical 

gradient of the soil is exceeded by the hydraulic gradient acting on the soil. When this threshold 

is surpassed, small particles can become mobilized by the groundwater flow, resulting in piping 

erosion. 

Critical gradients calculated for sediments collected from within the soap hole features ranged 

from 0.19-m/m to 0.39-m/m, while sediments from the base of the soap hole ranged from 0.60-

m/m to 0.81-m/m, respectively (Figure 4-22). Vertical hydraulic gradients within and below the 

soap hole feature ranged from 1.65-m/m to 4.37-m/m, indicating strong upward vertical hydraulic 

pressures (Figure 4-22). Gradients of these magnitudes indicate that the fluidization of fine 

particles is possible at the location of the soap hole feature. As mentioned in Section 4.2.1, there 

was a negative hydraulic gradient (-1.55-m/m) between the base of the soap hole where the 

measurements transitioned from drive-point piezometers and VWPs (Figure 4-22). This is 

suspected to be caused by the approximate 1.9-m horizontal offset between SH-VWP-D and SH-

DP-S, and the instruments measuring different regions in the flow system.  

Critical gradients calculated for background materials ranged from 0.40-m/m to 0.84-m/m, with an 

average critical gradient of 0.67-m/m and appeared to remain relatively consistent with depth 

(Figure 4-22). The critical gradient of the disaggregated bedrock materials was also tested, and 

found to have a narrow range, between 0.45-m/m and 0.82-m/m (Figure 4-22). This range was 

comparable to the background sediments that overlay bedrock.  

The critical gradient of the soap hole materials was calculated to be lower than the sediments 

collected from the base of the soap hole and background sediments because it is calculated using 

void ratio and specific gravity, which are influenced by the formation of sediments already in a 

liquid state (Figure 4-22). For this reason, background sediments are a better representation of 

the sediment critical gradient conditions that existed prior to soap hole formation. 
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Vertical hydraulic gradients calculated in the background sediments were directed in the 

downward direction. However, no vertical hydraulic gradients were calculated using BG-DP-D1, 

as this would have resulted in a strong upward gradient that does not appear to be representative 

of the general background conditions. The magnitude of hydraulic gradients between background 

instrumentation are lower than the soap hole formations ranging between -0.0037-m/m to -0.56-

m/m (Figure 4-22). Most background hydraulic gradients do not exceed the critical gradients 

calculated for the site. However, hydraulic gradients calculated between the background VWPs 

indicate that the mobilization of sediments in the downward direction is possible (Figure 4-22).  

 
Figure 4-22. Estimated critical gradient of soils recovered from the within the soap hole feature (red), and 

background sediments (blue) at the Didsbury field site. Vertical hydraulic gradients (black) 
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Figure 4-23. Profile showing the calculated OCR relative to depth for the four profiles.  

The OCR profiles of the sediments were separated into two main regions, focussing on the upper 

four metres, and the sediments below separately. In the upper region, the OCR ranged from 3.89 

to 213.47, with average OCR values of 41.09 (CPT1), 25.28 (CPT2), 30.36 (CPT3), and 46.72 

(CPT4), respectively (Figure 4-23). The range from these profiles would suggest that the 

sediments through this region are highly overconsolidated lodgment tills (Clarke, 2018). This 

would be consistent with the expected sedimentary geology of the area outlined in Section 2.2 

and support previous interpretations in Section 4.1. The highly overconsolidated materials also 

provide a reason why the CPT probe returned negative pore pressure values, as stiff 

overconsolidated and dilative sediments can be unsaturated, resulting in negative pore pressure 
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values (Robertson, 2010a, b, 2013). Sediments between approximately 0- to 2-m bgs appear to 

have slightly greater OCR compared to sediments below in the profiles (Figure 4-23). This is 

hypothesized to be due to weathering and desiccation of near surface sediments, which have 

been found to increase OCR values (Boulton & Paul, 1976; Robertson, 2013). 

OCR of the soap hole sediments in CPT4 could not be calculated for the upper 1.71-m because 

the liquified sediments were unable to register any sleeve or tip resistance. However, it is 

expected that the OCR of sediments prior to liquefaction would have been comparable to 

background sediments in the CPT1, CPT2 and CPT3 profiles.  

The OCR of sediments below four metres in CPT3 ranged between 2.11 and 110.07, with an 

average of 6.02. OCR values from this region were lower than the overlying sediments but still 

indicate that the sediments are lodgement till (Boulton & Paul, 1976). The lower OCR values in 

this region are also thought to be due to weathering and desiccation of upper sediments (Boulton 

& Paul, 1976; Robertson, 2013).  

Between 5.5- to 5.8-m bgs in CPT3, there was an increase in OCR that could correspond to 

interbedded silt and sand glaciofluvial sediments noted in the borehole (Section 4.1.2). The lower 

OCR would indicate that the lower sediments also have a greater pore space to allow the 

transmission of water in the subsurface (Clarke, 2018). However, this could as be due to 

sediments being disturbed by the drilling process. 

4.3.4. Soil Behaviour Type  

Soil behaviour type (SBT) analyses were developed to allow for insitu testing of sediments to 

provide a generalized material type and provide information regarding the physical properties of 

the subsurface (Robertson, 1990, 2009). Other relationships have also been developed to 

connect the standardized SBT estimates to various stress and strain responses, and liquefaction 

potential (Robertson, 2010a, b, 2016). 

The first relationship that was inspected used a similar SBT relation but considered a generalized 

sediment type response that was more indicative of the estimated plasticity and included the 

expected dilative and contractive stress responses (Robertson, 2010a). An estimated sand-like 

behaviour is assuming a non-plastic sediment, while the clay-like behaviour is assuming a plastic 

sediment (Robertson, 2010a). The dilative and contractive response are related to the OCR 

(dilative) and sensitivity (contractive) of the sediments (Robertson, 2010a).  

Sediments in upper one to two metres of the background CPT profiles (i.e., CPT1, CPT2, CPT3) 

displayed a distinct sand-like behaviour, before transitioning to a variable response of sand-, clay- 
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to findings above, two regions of the CPT3 profile differed from the general trend in the sediment 

profile - below the drilled-out region and the end of the profile, were found to be loose of critical 

(Figure 4-24). The two regions where the sediment profile is loose of critical is hypothesized to 

have been disturbed by drilling. The state parameter is typically not considered what assessing 

the critical state of clay dominate materials because OCR and soil sensitivity are typically the 

conditions that have greater influence the sediment response (Robertson, 2010b).  

Liquefaction potential and expected response to stress was the last relationship that was 

compared with the standardized SBT plot (Robertson, 2016). The SBT and insitu conditions were 

compared against zones where sediments were expected to respond in a specific way and 

experience cyclic liquefaction, cyclic softening or flow liquefaction if certain conditions were met 

(Robertson, 2016). 

Majority of the upper background sediments indicate that cyclic softening was possible depending 

on level and duration of cyclic loading (Zone B), with other regions indicating cyclic liquefaction 

possible depending on level and duration of cyclic loading (Fig 4-28; Robertson, 2016). Again, 

desiccated sediments are expected to be impacting the interpretation and it is hypothesized that 

most of the sediments in this area should be classified as Zone B. Some regions of CPT3 

suggested cyclic liquefaction and flow liquefaction were possible depending on loading and 

ground geometry (Zone A2, Zone C); however, as stated previously these regions are 

hypothesized to be disturbed due to drilling.  

Based on results from the SBT analysis and associated relations completed in this section, it 

appears flow liquefaction of the sediments at the Didsbury field site does not seem probable as 

the sediments are dense of critical with a high OCR and primarily exhibit dilative responses to 

stress (Robertson, 2010a, b, 2016). Sediments that display clay-like characteristics (plastic, 

cohesive) and are dense of critical would not be expected liquefy under static loading (Robertson 

and Wride, 1998). Sediments also do not appear to be sensitive, and therefore would be less 

likely to experience flow liquefaction; however, soil sensitivity will be discussed further in Section 

4.4.3.3 (Robertson, 2016).   





Department of Geoscience                                                                                                                            Faculty of Graduate Studies  

University of Calgary Page 99 

4.3.5. Soil Sensitivity 

Soil sensitivity relates to a loss of shear strength when disturbed and is a method for assessing 

the potential for catastrophic failure of the sediment and susceptibility to flow liquefaction. It is 

assessed by analyzing the sediments peak and remoulded shear strengths. Sensitive clays are 

found throughout eastern Canada and Scandinavia and are often associated with sediments 

deposited in a marine environment (Skempton & Northey, 1952). Sensitive clays in these regions 

are known for experiencing drastic changes in physical properties, often going from a solid 

sedimentary mass to a watery fluid when exposed to external stresses such as vibrations 

(earthquakes) or heavy rainfalls (Skempton & Northey, 1952). Laboratory and field studies have 

indicated that salt leaching of sediments from the infiltration of freshwater (precipitation) is a 

mechanism for the formation of sensitive clays suggesting a potential connecting with dispersive 

sediments (Skempton & Northey, 1952; He et al., 2014). As noted in Section 4.1 and Section 4.2, 

the interpreted site history and pedogenic processes at the Didsbury field site vary from regions 

where sensitive clays are typically found (Skempton & Northey, 1952). 

No significant trends were noticed in the sensitivity of sediments with respect to depth. All 

background sediments had small, localized spikes in sensitivity but there no continuous region of 

highly sensitive sediments. The average sensitivity of the background sediments above four 

metres depth was found to be 1.00 (CPT1), 1.13 (CPT2), and 1.22 (CPT3), respectively (Figure 

4-25). The average sensitivity of sediments below four metres depth in CPT3 was found to be 

1.41 (Figure 4-25). This would indicate that background sediments are insensitive to low-

sensitivity clays and would not be expected to be susceptible to flow liquefaction (Skempton et 

al., 1952). These results are supported by the expected pedogenic origin of sediments in this 

region and the typical processes required to form sensitive clays (Skempton & Northey, 1952).  

Sediments below SH-01 (CPT4) were found to have a comparable range to the background 

profiles (Figure 4-25). CPT4 had an average sensitivity of 2.34, indicating that these sediments 

would be a medium-sensitive clay, which is slightly higher than the background sediments (Figure 

4-25; Skempton & Northey, 1952).  

Results from the sensitivity analysis indicate that discrete sections of sensitive clay sediments are 

present in the region. However, the increases in sensitivity are discrete, and do not persist 

throughout the sediment profile. This would suggest that no significant sensitive units are present 

on the site, and soil sensitivity likely does not contribute to the formation of soap holes.  
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Figure 4-25. Soil sensitivity with depth using Skempton et al. (1952) sensitivity classification.  

4.3.6. Shear Strength and Effective Stress 

Shear strength is the ability of a sediment to resist deformation from tangential shear stress acting 

on the sediment and is a function of sediment cohesion, internal friction angles and confining 

pressures (Skempton, 1960). Increases in pore pressure can reduce the shear strength of a soil 

due to the pore pressure being a normal force acting in opposition (Skempton, 1960). The 

undrained shear strength of the sediments on site was analyzed to see if any weak zones existed 

within the soil profile and to compare against the pore pressures found within the soap hole. 

The undrained shear strength of sediments ranged from 4.5- to 1873.3-kPa across the Didsbury 

field site, with the CPT profiles having an average undrained shear strength of 166.5-kPa (CPT1), 
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4.3.7. Site Geotechnical Assessment  

Further building upon the geologic and hydrogeologic understanding of the Didsbury field site - A 

geotechnical assessment was conducted to understand sediment physical properties and insitu 

conditions at the Didsbury field site utilizing data collected from various laboratory analyses, along 

with CPT profiling and known correlations to sediment responses. These properties related to the 

providence and local stress history of the sediments, expected sediment type and stress 

response, and resistance to artesian groundwater conditions and fluidization potential.  

Sediments at the Didsbury field site were predominately overconsolidated dilative clay sediments, 

supporting the geologic interpretation and laboratory results that sediments were a clay rich 

lodgement till. These sediments had low sensitivity, but there were some discreate regions in the 

upper till unit and the lower sedimentary unit which were found to be sensitive sediment 

suggesting a slightly elevated liquefaction potential. However, these sediments were not 

extensive across the site to suggest there was a specific region contributing to soap hole 

formation. Most sediments at the Didsbury field site are not likely to be susceptible to cyclic or 

flow liquefaction failure, and these mechanisms of failure do not appear to influence soap hole 

formation. 

Sediments at the Didsbury field site were also found to be highly dispersive throughout the entire 

sediment profile. The dispersive properties of the sediments support the hypothesis that fractured 

flow through the clay till matrix is the primary flow mechanism surrounding the soap hole 

formations. The dispersive properties also impact the strength properties of the sediments and in 

combination with the sediment critical gradient and indicate that piping erosion is a mechanism 

related to soap hole formation. The constant influx of fresh water with a high pore pressure could 

keep the dispersive clays saturated, perpetually deflocculated and unable to return to a solid state. 

It was also found that pores pressure near the ground surface are high enough in localized areas 

to overcome the near-surface sediment stresses and could result in the formation of the soap hole 

feature. Pore pressures at approximately 1.2-m bgs within the soap hole feature indicated that 

the static liquefaction was likely occurring as the  

Sediment dispersion, elevated pore pressures and fluidization of sediments are believed to be 

working in combination and are the primary forces acting on the sediments, and how the soap 

hole formation at the Didsbury field site are initiated and persist in a constantly liquified state.  
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was found to be flowing artesian and did not appear to correspond with any specific geological 

feature from surrounding drill holes. Several small sand lenses were noted in the sediment cores, 

but these regions were discontinuous. The lack of continuity in the lens features and the extensive 

clay-dominant sediments support the hypothesis that fracture flow in the till sediments is a major 

component of the soap hole flow system. There was no evidence that the bulk background 

sediments contributed to the transmission of groundwater and pore pressures upwards from 

bedrock, and a vertical flow-path (fractures) would be required to reach the near-surface 

sediments.   

Hydraulic conductivity of background sediments calculated using index property correlations, 

single well response testing and CPT correlations were found to be low, generally ranging 

between 10-8 to 10-12 m/s. These hydraulic conductivity values correspond with the expected 

range of glacial tills, similar to the fine-grained dominant material found at the Didsbury field site. 

Hydraulic conductivities of this magnitude would respond as a confining layer by limiting hydraulic 

flow through the sediment matrix. This is supported by all sediments outside of the soap hole 

features having low moisture contents (near plastic limit), suggesting groundwater flow is not 

occurring in the sediment matrix, further supporting the fracture flow hypothesis. Hydraulic 

conductivity within and below the soap hole features was higher than surrounding sediments, 

generally ranging between 10-7 to 10-10 m/s, with regions of higher hydraulic conductivity up to 

approximately 10-4 m/s. ERT profiles also suggested that the glaciofluvial unit found on the site 

was closer to surface directly below a soap hole feature at the site, and it was noted that the base 

of the soap hole features had a higher gravel and cobble content that would allow for easier 

transmission of groundwater. In the ERT profiles the glaciofluvial unit did not converged with 

bedrock, so a further indicating that a vertical feature (fracture) would be required to hydraulically 

connect the two geologic units. 

Geotechnical analyses indicated that sediments were predominately overconsolidated dilative 

clay sediments with low sensitivity and are not likely to be susceptible to cyclic or flow liquefaction 

failure. There were some small regions in the upper sedimentary unit and the lower sedimentary 

unit which had a slightly elevated liquefaction potential, but nothing extensive enough to suggest 

there was a specific region contributing to soap hole formation. However, it appears that the 

excess pores pressure near the ground surface are high enough in localized areas to overcome 

the near-surface sediment stresses and could result in the formation of the soap hole feature. 

Sediment dispersivity testing found that all sediments on the site were highly dispersive, indicating 

that sediments were prone to piping erosion from clay deflocculation. It was also found the vertical 
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hydraulic gradients within the soap hole feature on site exceeded the sediment critical gradient. 

These mechanisms working in combination would allow for the fractures in the glacial sediments 

to more easily propagate by mobilizing and fluidizing sediments. Localized areas of excess pore 

pressure from the fracture flow systems are thought to be working in combination with the 

dispersive properties of the soils. This is believed to be how the formations persist in a constantly 

liquified state as the constant influx of water with a high pore pressure keeps the clays saturated, 

perpetually deflocculated and unable to return to a solid state. 

Based on the hydrogeologic and geotechnical properties found at the Didsbury site, it appears 

specific conditions are required for the generation and persistence of soap holes. It is suspected 

that the formation of the soap holes at the Didsbury field site required a strong upward vertical 

hydraulic gradient that exceeded the critical gradient of dispersive sediments prone to piping 

erosion. Fractures within the glacial sediments provided a preferential flow-path for groundwater 

to move from the bedrock through sediments with a low hydraulic conductivity, with piping erosion 

and soil dispersion allowing for the fractures to persist in the sediments. The persistence and 

expansion of the soap hole from a fracture to a more prominent feature of liquefied sediments 

then required a confining unit that allowed for the elevated pore pressures to concentrate until the 

sediment strength was overtaken, resulting in the formation of a soap hole. However, conducting 

more field investigations at different sites and regions will help provide a better fundamental 

understanding of all processes involved in soap hole genesis, including the persistence of faults 

and explosive source seismic.   
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APPENDIX A - MONITORING WELL INSTALLATION DETAILS 
 

On June 18, 2019, once the drilling of Borehole 3 (BH3) was completed, a monitoring well was 

installed within the borehole. The monitoring well was constructed from a nominal two-inch (5.08 

cm) nominal diameter schedule 80 PVC pipe with 20-slot size screens (0.84 mm). Filter packs 

consisting of silica sand3 were placed around the screened intervals. Low-permeability seals were 

placed above and below the screened interval using bentonite pellets4, then the annuli were 

backfilled to ground surface using bentonite chips5 and pellets. Monitoring wells were completed 

at ground surface with a single ten-foot (3.05 m) nominal six-inch (0.15 m) steel casing left in the 

ground. Installation details are provided in Table 6-1. 

Table 6-1. Standpipe monitoring well installation details.  

Well ID Easting (m) Northing (m) Elevation 
(masl) 

Stick-
up (m) 

Screen Interval 
(m bgs) 

Sand Pack  
(m bgs) 

Top Bottom Top Bottom 

MW-01 691157.7 5728153.2 1035.3 0.8 12.9 14.4 12.4 14.0 
Note: Coordinates and elevation data were collected using Hemisphere S321 RTK Differential Global Positioning System (DGPS).  
 

The absence of well response in MW-01 suggests that the well is screened in a low permeability 

region, or potential smearing of sediment on the screened interval. This installation was omitted 

from the report as no data could be collected.  

 
  

 
3 10-20 mesh size silica sand (Premier Silica, Colorado Silica Sand). 
4 Nominal 0.25-in (0.64 cm) size coated bentonite pellets (PelPlug, TR30). 
5 Nominal 0.375-in (0.95 cm) uncoated bentonite chips (Baroid Industrial Drilling Products, Holeplug). 
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Settings for clay analysis using XRD are focused on the initial 40° because the 001 peak often 

used to identify clay minerals is positioned in this region (Moore & Reynolds, 1989). The 60° 

setting was used for the bulk analysis to capture the expected bulk mineralogy range that 

potentially could be missed in narrow settings and to allow for the use of other peaks in mineral 

identification (Moore & Reynolds, 1989).  

After baseline analyses were conducted on all the samples with no pre-treatment, successive 

treatments were performed on the clay mount samples to help improve the data analysis. This 

included ethylene glycol hydration (glycolation) and various heat treatments (400° and 550° 

Celsius) that affect the structures of clay minerals and can result in their peaks shifting or 

disappearing. The first set of pre-treatments involved the glycolation of the clay mounts. Following 

the methods outlined by the USGS (Poppe et al., 2001) and suggested by Ron Spencer (2020), 

samples were placed on a rack inside a small desiccator with approximately 200 mL of ethylene 

glycol placed in the base. The samples were left to sit for approximately 48 hours to ensure 

complete replacement of water within the crystal lattice of the clays before another measurement 

was taken under identical input conditions (Poppe et al., 2001). Ethylene glycol was used for this 

step, but other organic liquids, such as glycerol, can also be used. The second and third sets of 

pre-treatments required heating samples to temperatures of 400° and 550° Celsius. These 

temperatures cause the water molecules bound in the crystalline structure to release, reducing 

the basal spacing or causing the crystalline structure to collapse, thus decreasing, or removing 

peak positions. Samples were placed in an oven for two hours and then quickly removed and 

placed inside the machine for analysis.  

The RIR method is most suitable for general use in quantifying of clay minerals; however, it can 

have issues with clay minerals that have varying chemical compositions, structural disorder, and 

mixed clay minerals (Brindley, 1980; Hubbard & Snyder, 1988). 



Table 6-3. X-Ray Powder Diffraction (XRPD) results of soils collected from the Didsbury field site displaying 

the proportion of clay groups found in the sediment samples. 

Sample ID Location  Sample Depth 
(m bgs) 

Clay 

Kaolinite Sepiolite Montmorillonite 

BH1-Atter4 Borehole 1 1.2 60.4 - 5.9 

BH1-Atter6 Borehole 1 3.0 3.1 1.8 1.4 

BH1-Atter8 Borehole 1 4.2 3.4 11.7 - 

BH2-Atter1 Borehole 2 0.5 3.0 1.5 2.2 

BH2-Atter4 Borehole 2 2.0 14.7 3.4 - 

BH2-Atter5 Borehole 2 2.4 34 - 13.0 

Dids-SH1-In4 Soap Hole 1 1.0 44 - 1.1 

Dids-SH1-S1 Soap Hole 1 1.6 7.0 - 3.1 

Dids-SH1-S2 Soap Hole 1 1.7 6.6 - 0.7 

Dids-2-S-1 Soap Hole 2 0.1 14.7 - 8.7 

Dids-2-S-2 Soap Hole 2 0.1 52.0 - 5.6 

Dids-SH2-In1 Soap Hole 2 0.3 4.3 - 12.1 

Dids-SH2-In4 Soap Hole 2 1.2 34.0 1.3 34.0 

Dids-SH2-S1 Soap Hole 2 1.6 40.0 12.0 - 

Dids-SH2-S2 Soap Hole 2 1.7 2.9 17.4 - 

Note:  Total XRPD results should also consider results documented in Table 6-4. 
 
 
 



Table 6-4. X-Ray Powder Diffraction (XRPD) results of soils collected from the Didsbury field site displaying the breakdown of crystalline, carbonate, evaporites, and oxides. 

Sample ID Location  
Sample 
Depth 

(m bgs)  

Crystalline Carbonate Evaporite Mineral 
Oxide 

Quartz Albite Anorthite Calcite  Dolomite Aragonite Gaylussite Chalconatronite Polyhalite Burkeite Goethite 

BH1-Atter4 Borehole 1 1.2 29.1 - - 2.7 1.9 -  -  -  -  -  -  

BH1-Atter6 Borehole 1 3.0 76.0 - - 8.2 9.6 -  -  -  -  -  -  

BH1-Atter8 Borehole 1 4.2 52.4 - - 12.3 9.3 -  -  -  -  -  11.0 

BH2-Atter1 Borehole 2 0.5 36.2 - - 17.8 -  31.0 -  -  -  -  8.1 

BH2-Atter4 Borehole 2 2.0 62.1 - - 10.4 -   - -  -  9.3 -  -  

BH2-Atter5 Borehole 2 2.4 33.0 - - 11.0 -   - -  -  9.0 -  -  

Dids-SH1-In4 Soap Hole 1 1.0 10.0 - - 3.0 -   - 1.6 2.9 -  38.0 -  

Dids-SH1-S1 Soap Hole 1 1.6 35.0 - 7.0 15.0 11.0  - -  -  -  4.5 16.0 

Dids-SH1-S2 Soap Hole 1 1.7 65.0 1.8 - 13.4 12.1  - -  -  -  -  -  

Dids-2-S-1 Soap Hole 2 0.1 4.0 5.3 - 3.8 3.4 60.0 -  -  -  -  -  

Dids-2-S-2 Soap Hole 2 0.1 5.0 - - 4.1 10.6  - -  -  -  23.0 -  

Dids-SH2-In1 Soap Hole 2 0.3 43.0 16.6 - - 10.8 -  -  -  -  -  13.1 

Dids-SH2-In4 Soap Hole 2 1.2 19.0 - - 5 -  -  -  -  7.2 -  -  

Dids-SH2-S1 Soap Hole 2 1.6 29.0 - - - -  -  -  -  18.0 -  -  

Dids-SH2-S2 Soap Hole 2 1.7 59.0 - - 9.1 12.2  -  - -   -    - 

Note:  Total XRPD results should also consider results documented in Table 6-3. 

 

 



APPENDIX D - XRF THEORY AND METHODS 

 

X-ray fluorescence (XRF) is a non-destructive analytical technique that is used to quantify the 

elemental composition of a substance. The elemental composition of a sample is determined by 

directing x-rays at the sample, irradiating the specimen, causing the electrons to be excited to a 

higher valence subshell, and then measuring the x-rays that are emitted when the electron drops 

down to its original valence subshell. The x-rays emitted back by the electron have a distinct 

energy and pattern associated with each element that allows for the determination of the bulk 

composition.  

A Delta Premium portable ED-XRF analyzer (Olympus®) was used for this analysis. 

Polycrystalline powder samples were prepared by removing the size fraction with a diameter 

greater than 0.420 mm using a No. 40 sieve. Samples were softly ground down further using an 

agate mortar and pestle to remove any clumps of clay or silt and then placed in a plastic cylinder 

with a transparent window on one side. The analysis time was set to 120 seconds. Due to the 

high energy (50 kV) of the X-ray generated by the ED-XRF analyzer, it was possible to analyze a 

variety of major elements (Mg, Al, Ca, K, Fe, P, S, and Si), including light elements (e.g. Mg) as 

well as trace elements (As, Ba, Cd, Co, Cr, Cs, Cu, Ga, Li, Mn, Mo, Ni, Pb, Rb, Se, Sr, Ti, Tl, U, 

V, W, and Zn) with a high detection limit (0.001%). 

There are some limitations associated with this desktop machine in analyzing light elements due 

to the lack of helium or a vacuum seal. Due to this limitation, the XRF device can only measure 

magnesium (Mg) as the lightest element and any reading below that is categorized as a light 

element (LE). This limitation is brought about by the device analyzing everything between the 

radiation source and the surface of the sample, which includes any atmosphere that may be 

between. Another shortcoming of the handheld XRF measurement is that the X-ray only 

penetrates less than five micrometres into the sample. So, results are only representative of the 

surface materials, which may not be representative of the entire sample. 

Several standard clay reference materials obtained from several sources (United States 

Geological Survey, USA) were used to evaluate the accuracy and precision of the portable ED-

XRF analyzer. The experimental uncertainty was typically less than two percent of the relative 

standard deviation. Once the machine was calibrated, the analysis was performed on 37 samples.  

 



Table 6-5. XRF results. 

Sample ID Elemental Composition (%) 

 Mg Al Si P S K Ca Ti V Cr Mn Fe Ni Cu Zn As Se Rb Sr Y Zr Nb Ta Hg Pb Th U LE 

BH1-Atter1 2.60 3.87 16.27 <LOD 0.17 0.90 8.50 0.20 0.01 0.01 0.04 2.51 0.003 0.002 0.010 0.001 <LOD 0.005 0.044 0.002 0.011 0.001 0.0002 <LOD 0.001 0.0004 0.0004 64.83 

BH1-Atter2 2.43 4.57 19.80 <LOD 0.06 1.04 8.07 0.23 0.02 0.01 0.04 2.45 0.003 0.001 0.007 0.001 <LOD 0.005 0.021 0.002 0.011 0.001 0.0002 0.0004 0.001 <LOD <LOD 61.23 

BH1-Atter3 1.39 5.34 24.26 <LOD <LOD 1.36 2.69 0.28 0.02 0.01 0.05 2.88 0.004 0.003 0.009 0.001 <LOD 0.006 0.011 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0003 <LOD 61.68 

BH1-Atter5 1.32 5.39 25.32 <LOD <LOD 1.41 2.41 0.27 0.02 0.01 0.05 2.94 0.004 0.002 0.009 0.001 0.0002 0.007 0.011 0.002 0.011 0.002 0.0002 <LOD 0.002 0.0002 <LOD 60.81 

BH1-Atter6 0.90 4.33 20.38 <LOD <LOD 1.15 4.43 0.25 0.02 0.01 0.03 2.25 0.003 0.002 0.010 0.001 <LOD 0.006 0.012 0.002 0.012 0.002 0.0002 <LOD 0.002 0.0004 <LOD 66.2 

BH1-Atter7 1.63 4.49 23.87 <LOD <LOD 1.07 5.82 0.19 0.01 0.01 0.03 1.86 0.003 0.002 0.008 0.001 <LOD 0.005 0.009 0.002 0.008 0.001 0.0001 <LOD 0.001 <LOD <LOD 60.98 

BH1-Atter8 1.55 5.09 23.52 <LOD <LOD 1.32 4.99 0.23 0.02 0.01 0.03 2.52 0.003 0.002 0.010 0.001 <LOD 0.007 0.011 0.002 0.011 0.002 0.0002 <LOD 0.002 0.0003 <LOD 60.67 

BH1-Atter9 1.36 5.15 22.42 <LOD <LOD 1.41 5.47 0.25 0.02 0.01 0.04 2.76 0.004 0.003 0.012 0.001 0.0001 0.008 0.012 0.002 0.011 0.002 0.0002 <LOD 0.002 0.0002 <LOD 61.06 

BH2-Atter1 1.80 4.58 19.75 <LOD 0.05 1.04 4.99 0.25 0.01 0.01 0.04 2.73 0.004 0.001 0.008 0.001 <LOD 0.006 0.026 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0003 0.0005 64.71 

BH2-Atter2 1.44 5.23 24.93 <LOD <LOD 1.33 2.95 0.25 0.02 0.01 0.04 2.74 0.003 0.002 0.008 0.001 <LOD 0.006 0.012 0.002 0.010 0.002 0.0002 <LOD 0.002 0.0003 <LOD 61.03 

BH2-Atter3 1.55 5.43 24.50 <LOD <LOD 1.39 2.83 0.27 0.01 0.01 0.04 2.96 0.004 0.003 0.009 0.001 0.0001 0.006 0.012 0.002 0.012 0.002 0.0002 <LOD 0.001 0.0002 0.0003 60.95 

BH2-Atter4 1.33 4.39 22.84 <LOD <LOD 1.08 4.68 0.24 0.02 0.01 0.04 3.03 0.003 0.002 0.007 0.001 <LOD 0.005 0.014 0.002 0.012 0.001 0.0001 <LOD 0.002 0.0002 <LOD 62.29 

BH2-Atter4 1.59 4.91 23.20 <LOD <LOD 1.27 5.04 0.23 0.01 0.01 0.04 2.26 0.003 0.002 0.009 0.001 <LOD 0.006 0.011 0.002 0.012 0.002 0.0002 <LOD 0.001 0.0003 0.0004 61.39 

BH2-Atter5 1.39 5.25 24.22 <LOD <LOD 1.37 4.51 0.26 0.02 0.01 0.04 2.56 0.003 0.003 0.010 0.001 <LOD 0.007 0.012 0.002 0.009 0.002 0.0002 <LOD 0.001 0.0003 <LOD 60.32 

BH2-Atter6 1.52 5.13 23.14 <LOD <LOD 1.32 5.18 0.24 0.02 0.01 0.03 2.46 0.004 0.002 0.011 0.001 <LOD 0.006 0.011 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0002 <LOD 60.91 

BH2-Atter7 1.31 4.86 21.78 <LOD <LOD 1.41 6.09 0.25 0.02 0.01 0.03 2.47 0.004 0.002 0.012 0.001 <LOD 0.007 0.012 0.002 0.010 0.002 0.0002 <LOD 0.002 0.0003 0.0004 61.72 

BH2-Atter8 1.78 4.82 22.58 <LOD <LOD 1.31 6.00 0.24 0.02 0.01 0.04 2.31 0.004 0.002 0.010 0.001 <LOD 0.006 0.012 0.002 0.011 0.002 0.0002 0.0003 0.001 0.0004 <LOD 60.84 

BH2-Atter9 1.14 4.70 22.50 <LOD <LOD 1.25 6.06 0.23 0.02 0.01 0.03 2.05 0.004 0.002 0.010 0.001 0.0002 0.006 0.011 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0003 0.0004 61.98 

BH2-Atter10 1.65 5.32 21.30 <LOD <LOD 1.61 6.37 0.26 0.02 0.01 0.03 2.84 0.005 0.001 0.014 0.001 <LOD 0.009 0.015 0.002 0.008 0.002 0.0003 <LOD 0.002 0.0004 <LOD 60.53 

BH2-Atter11 1.81 5.24 21.08 <LOD 0.10 1.58 6.70 0.25 0.02 0.01 0.04 2.90 0.005 0.002 0.015 0.001 0.0001 0.009 0.015 0.002 0.008 0.002 0.0002 0.0005 0.002 0.0003 <LOD 60.21 

BH2-Atter12 1.35 5.86 22.54 0.01 0.37 1.28 4.17 0.27 0.02 0.01 0.03 3.33 0.006 <LOD 0.015 0.001 0.0001 0.008 0.014 0.002 0.010 0.002 0.0003 0.0005 0.002 0.0004 0.0007 60.72 

BH2-Atter13 1.90 6.11 22.73 <LOD <LOD 1.83 4.97 0.27 0.02 0.01 0.03 3.23 0.005 0.002 0.016 0.001 0.0001 0.011 0.014 0.002 0.008 0.002 0.0003 0.0004 0.002 0.0003 <LOD 58.83 

Dids-SH1-In1 1.71 4.98 24.33 <LOD <LOD 1.27 3.22 0.26 0.02 0.01 0.04 2.77 0.004 0.002 0.009 0.001 <LOD 0.006 0.017 0.002 0.011 0.001 0.0002 <LOD 0.001 0.0004 0.0005 61.33 

Dids-SH1-In2 1.51 5.07 24.43 <LOD <LOD 1.32 3.18 0.25 0.01 0.01 0.04 2.73 0.004 0.002 0.008 0.001 <LOD 0.006 0.016 0.002 0.010 0.002 0.0002 <LOD 0.002 0.0002 <LOD 61.4 

Dids-SH1-In3 1.40 5.14 24.86 <LOD <LOD 1.35 3.08 0.28 0.01 0.01 0.04 2.75 0.004 0.001 0.008 0.001 <LOD 0.006 0.015 0.002 0.011 0.001 0.0002 <LOD 0.002 0.0002 <LOD 61.02 

Dids-SH1-In4 1.59 5.16 24.55 <LOD <LOD 1.36 3.15 0.26 0.01 0.01 0.03 2.77 0.004 0.002 0.009 0.001 <LOD 0.006 0.013 0.002 0.010 0.002 0.0002 <LOD 0.001 0.0003 <LOD 61.05 

Dids-SH1-S1 1.36 5.23 25.08 <LOD 0.25 1.34 2.38 0.27 0.02 0.02 0.02 2.75 0.004 0.003 0.009 0.001 <LOD 0.006 0.012 0.002 0.012 0.002 0.0002 <LOD 0.002 0.0003 <LOD 61.24 

Dids-SH1-S1 1.52 5.26 23.96 <LOD 0.09 1.34 3.56 0.27 0.02 0.01 0.04 2.86 0.004 0.002 0.009 0.001 <LOD 0.006 0.013 0.002 0.012 0.002 0.0002 0.0003 0.002 <LOD <LOD 61.02 
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Sample ID Elemental Composition (%) 

 Mg Al Si P S K Ca Ti V Cr Mn Fe Ni Cu Zn As Se Rb Sr Y Zr Nb Ta Hg Pb Th U LE 

Dids2-S-1 1.85 4.78 23.40 <LOD <LOD 1.27 3.32 0.25 0.02 0.01 0.03 2.66 0.004 0.001 0.008 0.001 <LOD 0.006 0.018 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0003 0.0004 62.35 

Dids2-S-2 3.78 3.92 19.79 <LOD <LOD 1.08 5.93 0.23 0.02 0.01 0.04 2.36 0.004 0.002 0.008 0.001 <LOD 0.005 0.046 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0002 0.0004 62.77 

Dids-SH2-In1 1.12 4.97 25.08 <LOD <LOD 1.30 2.64 0.29 0.01 0.01 0.03 2.70 0.004 0.003 0.008 0.001 <LOD 0.006 0.012 0.002 0.013 0.002 0.0002 <LOD 0.002 0.0004 <LOD 61.81 

Dids-SH2-In2 1.26 4.84 24.78 <LOD <LOD 1.25 3.17 0.26 0.01 0.01 0.03 2.47 0.003 0.001 0.008 0.001 <LOD 0.006 0.013 0.002 0.011 0.001 0.0002 <LOD 0.001 <LOD 0.0003 61.87 

Dids-SH2-In3 1.32 4.80 25.01 <LOD <LOD 1.23 3.05 0.27 0.01 0.01 0.03 2.39 0.003 0.001 0.007 0.001 <LOD 0.006 0.012 0.002 0.011 0.002 0.0002 <LOD 0.002 0.0003 <LOD 61.84 

Dids-SH2-In4 1.38 4.92 25.86 <LOD <LOD 1.27 2.63 0.26 0.01 0.01 0.03 2.49 0.004 0.001 0.007 0.001 <LOD 0.006 0.011 0.002 0.012 0.001 0.0002 <LOD 0.001 0.0002 <LOD 61.1 

Dids-SH2-S1 1.75 4.81 23.76 <LOD <LOD 1.28 5.22 0.25 0.02 0.01 0.04 2.30 0.004 0.002 0.009 0.001 <LOD 0.006 0.013 0.002 0.010 0.002 0.0001 <LOD 0.001 0.0003 0.0004 60.52 

Dids-SH2-S2 1.54 4.62 23.23 <LOD <LOD 1.25 5.33 0.25 0.02 0.01 0.04 2.32 0.004 0.002 0.009 0.001 <LOD 0.006 0.013 0.002 0.010 0.001 0.0002 <LOD 0.001 0.0003 0.0003 61.35 

Dids-SH2-S3 1.30 4.73 22.88 <LOD <LOD 1.23 5.11 0.24 0.01 0.01 0.04 2.30 0.004 0.001 0.009 0.001 <LOD 0.006 0.014 0.002 0.011 0.002 0.0002 <LOD 0.001 0.0003 <LOD 62.09 

Notes: 
1. LOD = Limit of detection 
2. Co, Mo, Ag, Cd, Sn, W, and Bi were all included in the analysis but were below the LOD in all samples - these results were excluded from Table 6-5. 

 



APPENDIX E - CPT SECTIONS PROVIDED BY GEOPACIFIC LTD. 
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