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ABSTRACT 

 

 

 

 

The principal objectives of this study were to investigate and map the susceptibility to 

amplification of seismic ground motions due to shallow geological conditions in the Fort 

St. John-Dawson Creek area of BC. In this area, induced seismic events up to MW 4.6 

have been triggered by hydraulic fracturing and water disposal by the petroleum 

industry.  

Most surficial geological units have a distinct topographic and geomorphic expression, 

therefore high resolution digital topographic mapping was used to revise the existing 

surficial geological mapping. A subsurface database comprising 1323 petroleum 

industry cased hole gamma-ray logs, 1533 water well logs and 1955 geotechnical and 

scientific boreholes was assembled and used to prepare a depth to bedrock map. New 

VS data comprising 7 VSP logs in existing boreholes and 21 MASW tests were 

acquired. These data were supplemented by VS data at 21 sites obtained for a prior 

study, and proprietary VS data at 5 additional sites to update a VS model for the shallow 

geological materials from an earlier study. Geological field work was conducted to 

observe the surficial geology and the geological setting of seismograph stations and 

large sites where borehole data had been obtained, as well as to locate sites for VS data 

acquisition and to interview local residents. 

The surface and subsurface geological and VS data were compared to earthquake 

recordings to investigate the potential for amplification. Areas with thicknesses of 

Quaternary sediment over bedrock greater than 15 m are generally in Site Class D on 

the basis of the VS data acquired, and so are susceptible to moderate broadband 

amplification. Instrumental seismic data support this conclusion. Areas with roughly 5 to 

15 m of Quaternary sediment over bedrock are generally in Site Class C, but show 

similar levels of amplification to areas with thicker soil. However, horizontal to vertical 

spectral ratios (HVSR) and estimation of impedance ratios at stratigraphic contacts 

using the VS data acquired demonstrate that where the depth to bedrock is between 5 to 

15 m strong impedance contrasts occur within the period range of the dominant 

earthquake ground motions, and that such areas are susceptible to significant resonant 

amplification. 
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INTRODUCTION 

 

 

 

Seismicity in northeastern British Columbia (BC) has increased significantly in the last 

decade due to hydraulic fracturing and water disposal by the petroleum industry (e.g., 

Atkinson et al., 2016; Kao et al., 2018; Roth et al., 2020). Most of these events are 

small, but rare events up to magnitude (MW) 4.6 have occurred (Babaie Mahani et al., 

2017a, b, 2019). Ground motions for the largest of these events are at the lower bound 

of possible damage, in the range of modified Mercalli intensity (MMI) VI (Worden et al., 

2012; Babaie Mahani and Kao, 2018a; Babaie Mahani et al., 2019; Atkinson, 2020), and 

minor damage has been reported or is suspected. These events occur at very shallow 

depths, 1 to 3 km, and partly because of this, events as low as ML0.8 have been felt by 

residents of the region. 

Monahan et al. (2019) recently completed a regional assessment of the potential for 

amplification of seismic ground motions due to local differences in near-surface 

geological materials in the Montney play area, currently the most active oil and gas play 

in BC. Their mapping was based on existing surficial geological maps, generally at a 

scale of 1:250 000 (e.g., Mathews, 1978; Reimchen, 1980. They noted a number of 

inconsistencies between amplifications from instrumentally recorded events and those 

predicted by the mapping. Consequently, a follow-up study was initiated in the Fort St. 

John–Dawson Creek area, which is the most heavily populated part of the Montney play 

area, and where a MW 4.6 event occurred in November 2018 (Babaie Mahani et al., 

2019).  

The objectives of this study were to investigate and map the susceptibility to 

amplification of seismic ground motion in the Fort St. John-Dawson Creek area, and in 

doing so, refine the surficial geological mapping; generate a map more representative of 

shallow subsurface conditions by collecting additional subsurface geological data; and 

obtain additional shear-wave velocity (VS) data for this and future studies.  

This report describes the steps that have been followed to achieve these objectives, 

and are described in detail in each section below: 

 Revision of the surficial geological mapping; 

 Compilation and interpretation of a database of shallow borehole data; 

 Preparation of a depth to bedrock contour map; 

 Acquisition of new Vs data; 

 Development of a revised Vs model for the shallow geological units; 

 Interviews with residents; 

 Comparison of recently recorded induced seismic ground motions with 

geological and VS data to investigate ground motion amplification; 
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 Investigation of the susceptibility to resonance; 

 Mapping the susceptibility to ground motion amplification. 

Details of the methodology are presented below to serve as a guide for future 

investigations. The non-proprietary data acquired for this study are included in this 

report because they provide basic data for future studies, regardless of how 

methodologies for estimating amplification evolve. Preliminary results of this 

investigation have been presented by Monahan et al. (2020 and 2021). 
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GROUND-MOTION AMPLIFICATION 

 

 

 

Seismic ground-motions can be amplified by shallow geological conditions in several 

ways (Kramer, 1996; Finn and Wightman, 2003, Hunter and Atukorala, 2012). Soils2 

generally have much lower shear-wave velocity (VS) than the underlying bedrock. 

Broad-band amplification occurs as the earthquake energy passes up from the bedrock 

to the soil, resulting in a shortening of the wavelength and an increase in amplitude of 

shear-waves. This amplification is approximated by the square root of the impedance 

ratio of bedrock relative to the soil column: 

Amplification = ((ρrockVSrock)/(ρsoilVSsoil))
0.5      (1) 

where: 

 ρrock, VSrock = the density and VS of bedrock, and  

 ρsoil, VSsoil = the density and VS of soil. 

The time-averaged VS in the upper 30 m (VS30) is commonly used as a proxy to estimate 

broad-band amplification: 

VS30 = ∑h/∑t          (2) 

where: 

h = each measured interval thickness, where ∑h = 30 m, and 

t = the measured interval travel time; i.e., t = h/VS for each interval 

 
The National Earthquake Hazards Reduction Program (NEHRP) in the United States 

has defined five site classes (A to E) based on VS30 and these widely adopted by 

building codes (Table 1; Building Seismic Safety Council, 2003; National Research 

Council, 2015). At input ground motions of 100 cm/s2, the approximate onset of 

structural damage (Atkinson, 2020), published amplification factors in Site Class E for 

peak ground acceleration (PGA) and peak ground velocity (PGV) are 1.82 and 2.47, 

respectively, relative to Site Class C, although these factors diminish with increasing 

ground motions due to non-linearity of soil response (National Research Council, 2015). 

  

                                                           
2
 In this report, the term soil is used in the engineering sense and refers to all unconsolidated material overlying bedrock. 
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Table 1. National Earthquake Hazards Reduction Program (NEHRP) site classes (Building Seismic 
Safety Council, 2003). Susceptibility ratings from Hollingshead and Watts (1994). 

Site 

Class 
General Description Definition by VS30 Susceptibility Rating 

A Hard rock VS30>1500 Nil 

B Rock 760<VS30<1500 Very Low 

C Very dense soils and soft rock 360<VS30<760 Low 

D Stiff soils 180<VS30<360 Moderate 

E Soft soils VS30<180 High 

 

Amplification of a specific period of ground motion can also occur due to resonance in 

the soil column, where the natural site period is within the period range of the dominant 

earthquake ground motions. The natural site period (T0) is calculated by (Kramer, 1996; 

Finn and Wightman, 2003): 

T0 = 4H/VS          (3)  

where: 

H = thickness of the low velocity layer, and 

VS = the average shear-wave velocity of the low velocity layer. 

Amplification of the site period due to resonance is determined by the magnitude of the 

impedance ratio at the base of the soil layer:  

Resonant amplification = ((ρdeepVSdeep)/(ρsoilVSsoil))    

 (4) 

where: 

 ρdeep, VSdeep = the density and VS of the layer below the shallow soil layer, and  

 ρsoil, VSsoil = the density and VS of the shallower soil layer. 

Amplification due to resonance is most commonly due to the impedance contrast at 

boundary between bedrock and soil, though it can also be due to large impedance 

boundaries within the soil column. Comparison of equations 1 and 4 shows that 

resonance is a significant contributor to amplification where a large impedance contrast 

occurs within the period range of the dominant ground motions (Hunter and Atukorala, 

2012). Structures with the same natural period as that of the site will be particularly 

affected. The natural period of a building is roughly 0.1 s per storey (e.g., Rogers et al., 

1998).  

Amplification can also occur over topographic ridges, in narrow, sediment-filled valleys, 

and on the margins of sedimentary basins (Kramer, 1994; Finn, 1994; Hunter and 

Atukorala, 2012).  
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REGIONAL GEOLOGY 

 

 

 

The project area is located in the western part of the Alberta Plateau (Holland, 1976), 

and extends from Fort St. John to Dawson Creek and from the Alberta border west to 

the Pine and Moberly rivers (Figure 1). The plateau is incised by valleys, up to 280 m 

deep, of the Peace River and its major tributaries, the Kiskatinaw, Pine, Moberly, Pouce 

Coupé and Beatton rivers. Adjacent to these valleys, low relief benches form the 

plateau surface, and these extend up smaller valleys into the uplands that lie farther 

from the rivers. In the uplands in the western part of the project area, hilltops are up to 

900 metres above sea level (m asl) in elevation and the local relief is up to 200 m. The 

topography of the uplands becomes more subdued toward the east, where hilltops are 

up to 700 m asl in elevation and local relief is 50 m. High relief uplands are also present 

along the southern margin of the study area. 

 

 

Bedrock Geology 

 

Bedrock at surface consists of gently easterly to southeasterly dipping, relatively soft 

Cretaceous sedimentary rocks (Irish, 1958; Stott, 1982; McMechan, 1994; Plint, 2000). 

The principal geological units exposed from northwest to southeast across the project 

area are, in ascending order, the Shaftesbury Formation, which consists of marine 

shale; the Dunvegan Formation, which consists of marine and nonmarine sandstone, 

conglomerate and shale; the Kaskapau Formation, which consists of marine shale, with 

sandstone members in its lower part; and the Cardium Formation, which consists of 

marine and nonmarine sandstone, conglomerate and shale. The upper 5 to 30 m of 

bedrock is commonly weathered to clay, particularly the shale intervals, and the upper 

surface is commonly glaciotectonized (Figure 2; Monahan et al., 2019, 2020, 2021). 

 

 

Unconsolidated Sediments  

At least three glaciations occurred during the Quaternary in this area (Mathews, 1978; 

Hartman and Clague, 2008; Hickin et al., 2015, 2016a, b). Deposits of the last two 

glacial and adjoining nonglacial periods show a repetitive pattern of fluvial incision and 

deposition during nonglacial intervals, followed by deposition of glaciolacustrine silt as 

drainageways were blocked by advancing Laurentide ice, and finally, by till during the 

glacial maximum. During ice retreat, drainage was again blocked forming retreat-phase 

glacial lakes and, after retreat of the ice, fluvial incision and deposition recommenced. 

Fluvial incision cut deeper following each glaciation, so that modern valleys of the 

Peace River and its major tributaries are incised through the older Quaternary deposits 

into bedrock (Figure 3).  
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Figure 1. Map of the study area showing the location of subsurface geological database. Previous 

studies are those by Petrel Robertson Consulting Ltd. (2016; gamma-ray logs) and Monahan et al. (2019; 

gamma-ray logs), (2016; gamma-ray logs) and Monahan et al. (2019; gamma-ray logs, geotechnical 

borehole logs). Coordinates are UTM Zone 10N, NAD 83.
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Figure 2. Weathered bedrock exposed on Braden Road. Note gullied surface and siderite concretions at 

top of outcrop. Section is in Dunvegan Formation, but most likely in the lower sandy part of the Kaskapau 

alloformation of Plint (2000). Approximate coordinates E 644489, N 6206879, UTM Zone 10N, NAD 83. 

 

Figure 3. Schematic cross section across the Peace River valley in the vicinity of Taylor, showing 

stratigraphy of Quaternary fill of the Peace River valley, and the geomorphic expression of the principal 

surficial geological units. Based on data from Mathews (1978) and Hartman and Clague (2008). Modified 

from Monahan et al. (2019).
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Knowledge of the unconsolidated deposits preceding the last glaciation is fragmentary. 

The earliest consist of pre-glacial gravels deposited on a planation surface that sloped 

away from the Rocky Mountains and Foothills, and may be Later Tertiary or Pleistocene 

in age (Mathews, 1978; Hartman and Clague, 2008). 

The earliest glaciation is inferred from the presence of Canadian shield-derived clasts in 
the succeeding unit of non-glacial fluvial gravels (Figure 3; Mathews, 1978, Hartman 
and Clague, 2008).  The latter unit occurs within the Peace River valley, ~225 m above 
the current river level, and represents deposits of an early precursor of the Peace River 
that was incised into the plateau surface. These gravels are overlain by the advance 
phase glaciolacustrine deposits, followed by till of the penultimate glaciation.  This 
glaciation is undated but interpreted to be early Wisconsinan.  

Fluvial gravels that were deposited during the non-glacial period between the 
penultimate and the last glaciations are the oldest firmly dated Quaternary sediments 
(Figure 3; Mathews, 1978; Hartmann, 2005; Hartmann and Clague, 2008).  These are 
commonly heavily oxidized, and have provided radiocarbon dates of 27,400+580 and 
26,450+310 14C years, making them Middle Wisconsinan in age (Mathews, 1978; 
Hartmann and Clague 2008). They occur deeper in the Peace River valley fill than the 
earlier non-glacial gravel unit, about 50 m above the current river level.  

The latest glaciation is Late Wisconsinan (Mathews, 1978, 1980; Hartman and Clague, 
2008; Hickin et al., 2015, 2016a, b). Advance phase glaciolacustrine silts, clays and 
very fine sands of Glacial Lake Mathews are up to 120 m thick (Figure 3; Mathews, 
1978; Hartmann and Clague 2008). Both Cordilleran and Laurentide ice extended into 
the area, but the maximum lateral extents of each do not appear to have occurred 
synchronously in the Peace River area. West of the project area, Cordilleran till has 
been reported interbedded with advance-phase glaciolacustrine deposits (glacial Lake 
Mathews; Hartman et al., 2018). However, the advance-phase glaciolacustrine deposits 
are overlain by clay-rich till deposited by Laurentide ice (Figure 4). The ice sheets 
appear to have coalesced, but in the latter stages, Laurentide till appears to have been 
overridden locally by Cordilleran ice (Hickin et al., 2016b).  

As Laurentide ice retreated, drainage was again blocked, resulting in widespread 
deposition of glaciolacustrine silt, clay and very fine sand of glacial Lake Peace (Figures 
3 and 4; Mathews, 1978, 1980; Hartman, 2005; Hartman and Clague, 2008; Hickin et 
al., 2015, 2016a). These deposits are up to 15 m thick in the Peace River valley. Glacial 
lake Peace drained in several stages beginning around 13,970+170 14C years. As it 
drained, sand dunes were deposited, generally downwind of the glaciodeltaic sand 
deposits associated with the lake. (Mathews, 1978). Following drainage of this lake, 
fluvial incision resumed and continued into the Holocene, forming a succession of 
alluvial terraces that show the progression of Late Pleistocene and Early Holocene 
incision down to the current river levels.  A bison bone in glaciofluvial terrace gravels at 
the Ostero gravel pit at Taylor has been dated to 10,240+160 14C years (Bobrowsky et 
al., 1991). In most cases, each river re-established itself along its earlier course, 
although in some cases it cut an entirely new channel though bedrock. 
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Holocene deposits include modern alluvial sands and gravels, silts and organic soils, 
colluvium, landslide deposits and alluvial fans (Hansen, 1950; Farstad et al., 1965; 
Mathews, 1978; Lord and Greene, 1986; Fletcher et al., 2002). 

 

Figure 4. Sharp contact between dark grey laminated glaciolacustrine silts of Glacial Lake Peace and 

underlying massive buff blocky weathering Late Quaternary till. On gravel pit road, west side of Pouce 

Coupe River. Approximate coordinates E 685259, N 6192175, UTM Zone 10N, NAD 83. 

Quaternary sediments older than the last glacial maximum are generally restricted to 

Quaternary river valleys (paleovalleys) that underlie benches adjacent to the major 

rivers and some smaller valleys. These sediments are exposed only in the valley walls 

of the Peace River and its tributaries. Elsewhere, only Late Wisconsinan till, retreat-

phase deposits and Holocene sediments occur at the surface. These units occur in 

specific geomorphic settings (Mathews, 1978; Reimchen, 1980; Hartman and Clague, 

2008; Hickin et al., 2015; Monahan et al., 2019).  

 

The uplands are underlain mainly by till with a veneer of glaciolacustrine silt and clay at 

lower elevations. Topography is largely controlled by bedrock, which is locally exposed 

and usually within a few metres of the surface in the high relief uplands in the western 

and southernmost parts of the project area. However, in the uplands of lower relief in 

the eastern part of the project area, till thickness is more variable, ranging from 0 to 

50 m, being generally thinner on hilltops than on sloping ground.  

 

The low relief benches between the uplands and deeply incised major valleys, and the 

gently sloping valley floors of minor valleys are underlain by retreat-phase 

glaciolacustrine and related deposits. These are 10 to 15 m thick adjacent to the major 

rivers and between 5 and 50 m thick in smaller valleys. Where these deposits overlie 

older Pleistocene deposits in paleovalleys, the total Quaternary thickness locally 

exceeds 200 m. In several areas, the glaciolacustrine plain surface is occupied by 

distinctive low relief mounds a few metres high (Figure 5; Mathews, 1978).  
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Terraces on the walls of major valleys are underlain by late stage Wisconsinan 

glaciofluvial sand and gravel representing the earliest phases of postglacial fluvial 

incision and are up to 30 m thick (Figures 3 and 6). Holocene alluvial fans have formed 

on the landward edge of the glaciofluvial terraces, at the base of gulleys incised into the 

adjoining slope, and are comprised mainly of silt and clay (Figure 7). Modern fluvial 

sand and gravel occupy river valley bottoms. Where penetrated by boreholes, these 

deposits are up to 14 m thick.  

 

 

 

Figure 5. Distinctive mounds on glaciolacustrine plain. Approximate coordinates E684582, N6215636, 

UTM Zone 10N, NAD 83. 
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Figure 6. Late Wisconsin retreat phase glaciofluvial gravels, ~30 m thick, underlying terrace on northwest 

side of the Pine River valley. Note sharp contact with underlying Cretaceous Shaftesbury Shale. 

Approximate coordinates E620669, N6215590, UTM Zone 10N, NAD 83. 

 

 

Figure 7. Small alluvial fan located on the landward side of terrace on north side of Peace River, at the 

foot of a gulley incised into the adjoining slope. Note the silos on fan. Near Chapman Pit. Approximate 

coordinates E654488, N6222599, UTM Zone 10N, NAD 83. 
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Within the upland areas, the valleys of smaller streams have gently sloping floors and 

are underlain by glaciolacustrine sediments, into which the modern streams have now 

incised. The degree of incision increases markedly as these streams approach the 

major valleys. Boundaries between the upland areas and adjacent glaciolacustrine 

benches and valley bottoms are commonly marked by distinct breaks in slope (Figure 

8). However, these breaks in slope become less clear in the areas of subdued 

topography in the eastern parts of the study area. As noted above, a veneer of 

glaciolacustrine sediments commonly overlies till in the low relief uplands. In Fort St. 

John, where there are abundant geotechnical data, the glaciolacustrine sediments are 

up to 20 m thick in the low-lying areas, and commonly greater than 10 m. Above the 

break in slope marking the upland edge, the thickness of these deposits is less than 4 

m, and commonly closer to 1. In Dawson Creek, the thickness of glaciolacustrine 

deposits locally exceeds 10 m in the valley bottom, but is more commonly less. Above 

the break in slope, these deposits thin to 2 m or less.  

 

 

 

Figure 8. View north on 271 Road, north of Peace River, showing pronounced break in slope between 

glaciolacustrine plain in foreground and upland underlain by till in distance; approximate coordinates 

E628527, N6234084, UTM Zone 10N, NAD 83. 
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SURFICIAL GEOLOGY MAPPING 

 

 

 

A shaded relief map and a detailed topographic map at a 5 m contour interval have 

been computed from a Natural Resource Canada digital elevation model (Natural 

Resources Canada, 2015). These data have been incorporated into layers in Maps 1 

and 2. These data enable more reliable definition of the topographic features that mark 

the boundaries of surficial geological units than was available to the authors of the 

existing surficial geological maps (Mathews,1978; Reimchen, 1980; combined by Hickin 

and Fournier, 2011)3. These boundaries include outlines of steeply sloping terrain, 

breaks in slope that mark the boundaries of the glaciolacustrine platforms with the 

adjoining uplands, small alluvial fans on the glaciofluvial terraces, and the distinction 

between low relief and high relief uplands. Furthermore, the previous mapping was 

done at a scale of 1:250,000, whereas the current mapping is at 1:100,000. The revised 

mapping is shown as a layer in Map 2, along with the revised legend, and a simplified 

version is shown in Figure 9. 

For the most part, the remapping provides better definition of existing boundaries. 

However, some reinterpretations were made for the purposes of this project. The 

principal one involved the areas of glacially fluted terrain mapped by Mathews (1978) 

within the extensive glaciolacustrine plain extending northwest from the Pine River to 

the Peace River. These areas stand topographically higher than the adjoining 

glaciolacustrine plain, and so are included with the uplands map unit (Maps 1 and 2). In 

addition, these areas have a thinner Quaternary succession than the adjoining 

glaciolacustrine plain, particularly the low ridge between the Pine and Moberly Rivers. 

Recognition that these areas are not part of the glaciolacustrine plain indicates that 

glaciolacustrine deposits in this have not been glacially overridden. 

Areas previously mapped as glaciolacustrine veneer were divided between the 

glaciolacustrine and the uplands map units, based on topographic expression. This 

interpretation was based on the recognition that a veneer of glaciolacustrine silt and 

clay occurs widely across the low relief uplands, and that the existing mapping did not 

appear to represent the thickness of the stratigraphic units well. The revised 

glaciolacustrine map unit includes all areas of level and gently sloping benches adjacent 

to the major valleys and floors of the minor valleys. 

 

                                                           
3
 These maps formed the basis of the surficial geological mapping by Monahan et al., 2019. 
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Figure 9. Revised surficial geological map, simplified from map 2. The mapping was revised from that of 

Mathews (1978), Reimchen (1980) and Hickin and Fournier (2011) on the basis of 5 m digital contour 

mapping by Natural Resources Canada (Natural Resources Canada, 2015). Coordinates are UTM Zone 

10N, NAD 83. 
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The upland map units, referred to as “glacial” or “morainal” on the existing mapping 

(Mathews, 1978; Reimchen, 1980) are here renamed “upland” and subdivided into two 

principal subunits: 

 High relief uplands, occurring principally in the western and southernmost parts 

of the project area. These areas are defined on the basis of sharply defined and 

steeply sloping ridges and hills up to 900 m in elevation, where tills and other 

surficial deposits are generally a few metres thick.  

 Low relief uplands, where hills up to 700 m elevation are rounded and gently 

sloping and overall relief is less. The thickness of unconsolidated deposits is 

more variable, ranging from 0 to 50 m. The thickness tends to be greater on the 

northeast sides of hills, the lee side with respect to the latest ice flow direction 

(Cordilleran; Hickin et al., 2016b). 

Although the transition is gradational, boundaries are proposed (Figure 9, Map 2): 

 North of the Peace River, west of the Alaska Highway; 

 South of the Peace River, east of Septimus Creek and north of Sunset Creek; 

 On the southern margin of the project area, south of Dawson Creek and 

Groundbirch. 

The high relief uplands are underlain by the Dunvegan Formation, or the lower 

Kaskapau Formation where the Dunvegan is structurally high, and by the uppermost 

Kaskapau and Cardium Formations in the southernmost part of the project area. In the 

eastern parts of the study area, the low relief uplands are underlain by the Kaskapau 

Formation and the upper parts of the Dunvegan Formation, and in the areas west of the 

Pine River, by the Shaftesbury Shale.  

The upland areas are further subdivided into areas where glacial fluting and ridges are 

prominent, and those where they are not. In general, the low relief uplands coincide with 

agricultural areas, likely due to the presence of thicker soils and less resistant bedrock.  

Some small areas of alluvial deposits mapped by Reimchen (1980) were reinterpreted 

as glaciolacustrine on the basis of geotechnical borehole data and topographic 

expression. 

Some of the larger alluvial fans that formed on the landward side of glaciofluvial 

terraces could be mapped because of the larger scale of mapping (Figure 7; Mathews, 

1978).  

Steeply sloping areas include both bedrock and soil slopes. These consist largely of 

colluvial and landslide deposits. The latter were separately mapped where landslides 
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have been documented and where they can be inferred from cuspate indentations at 

the top of the slope (Mathews, 1978; Fletcher 2002; Raymond, 2003; McQuarrie, 2018). 

Areas mapped by Mathews as eolian deposits on the glaciolacustrine benches are 

unchanged, except where intersected by high relief uplands and steep slopes. Eolian 

deposits include low sand dunes, now stabilized by vegetation, and thin loess veneers. 

Some areas mapped as glaciodeltaic sands by Mathews (1978) in western part of the 

map area are included in the glaciolacustrine map unit. 

On the basis of the shaded relief map and the 5 m contour map, the distinction between 

glaciofluvial terrace deposits on the valley walls and modern alluvium in the valley floors 

of the Peace, Pine and parts of the Kiskatinaw Rivers could be readily made. However, 

this distinction is not as clear along the Pouce Coupe River and areas mapped as 

Holocene alluvium likely include older terrace deposits. 

In addition to the glaciofluvial terraces, one other occurrence of glaciofluvial sediment is 

in a gravel pit in Fort St. John, which was interpreted by Mathews (1978) as a kame. 

Organic soils were not mapped in the project area by Mathews (1978) and Reimchen 

(1980). However, they do occur in poorly drained areas of both the uplands and the 

glaciolacustrine areas (Hansen, 1950; Farstad, 1965; Lord and Green, 1986). The 

thickness of these deposits is generally in the order of 1 m, although at one site 4 m 

have been reported (Hansen 1950; near MASW SL19-09 and seismic station MG01). 

  

21



Geoscience BC Report  2022-05 

GEOLOGICAL FIELD WORK 

 

 

 

 

Geological field work was conducted over fourteen days in June and August 2019. The 

objectives were to spot check the interpretations; observe landforms and surficial 

geology; note the topographic setting of sites with subsurface geological data and 

seismograph stations established by government and industry to monitor induced 

seismic activity; locate sites for VS data acquisition; and interview local residents. The 

field stops are plotted on Maps 1 and 2, and are shown as the 2019 field stops. These 

are supplemented by data from field stops for the study done by Monahan et al. (2019) 

and are shown as the 2017 field stops. 
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SUBSURFACE GEOLOGICAL DATA COMPILATION 

AND INTERPRETATION 

 

 

 

Three sources of subsurface geological data have been employed: cased-hole gamma-

ray logs from petroleum wells, water well logs and geotechnical borehole logs (Figure 1). 

 

 

Cased-Hole Gamma-Ray Logs  

Gamma-ray logs run through surface casing to surface are required for petroleum 

wellsites drilled in BC and are available in public databases. The primary use of these 

data in this study was to estimate the depth to bedrock. Logs of 455 wells were 

normalized to remove surface casing effects (documented by Quartero et al., 2014) for 

this study; these data are included in Appendix 1, in pdf and LAS format. These data 

were supplemented by gamma-ray logs of 853 wells in and adjacent to the study area 

that were normalized for previous studies by Petrel Robertson Consulting Ltd. (2016) 

and Monahan et al. (2019), as well as 15 additional wells that were not normalized 

(Figure 1). Depth to bedrock interpretations are tabulated in Appendix 2. All logs 

normalized for previous studies were reinterpreted for this study. 

There are several pitfalls in interpreting the depth to bedrock. Not all logs have been run 

continuously to surface. Also, the presence of conductor pipe attenuates the gamma-ray 

signal and obscures the lithological signature in the upper 10 to 30 m. Conductor pipe 

depth has not been routinely reported to the BC Oil and Gas Commission until recently 

(J. van Besouw, personal communication, 2020), and can only rarely be inferred from 

tour sheets (e.g., “tag cement at 17 m”; 100/05-36-078-17W6/00, surface 09-34-078-

17). Consequently, it is usually interpreted by a uniform blocky gamma-ray signal at the 

top of the log. A confirmed example is shown in Figure 10. Because the conductor pipe 

is installed before the main drilling rig is on site, where the depth of conductor pipe has 

been reported, the log depth is deeper than the reported depth by the height of the kelly 

bushing above ground level. Where the bedrock top is shallow and lies above the top of 

the logged interval or within the conductor pipe, all that can be usually reported is a 

maximum depth to bedrock. Only rarely can the bedrock top be picked with confidence 

behind conductor pipe. 
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Figure 10. Wellsite and gamma-ray log of 100/05-31-080-17W6/00 (03-01-081-18W6). Conductor pipe is 
reported to depth of 15 m, so appears at 20.8 m on the log pad because the kelly bushing is 5.8 m above 
ground level. The well pad has been excavated into weathered mudstone, so depth to bedrock at this 
wellsite is 0 m. Weathered sandstone and shale outcrops 400 m to the west (Figure 2).  

 
In a few cases, a sharp upward increase in the gamma-ray signal is associated with a 

sharp upward decrease in neutron porosity. This is interpreted to represent the water 

level in the borehole, because attenuation of gamma radiation is less in the air-filled 

portion of the hole (Figure 11; B. Ard, personal communication, 2020).  

 

 

 

Figure 11.  Gamma-ray and neutron logs of 100/01-31-080-16/00 (11-36-080-17W6). Sharp upward 
increase in gamma-ray signal and decrease in neutron porosity is interpreted to represent a water line in 
the borehole, as the gamma-ray signature above the inflection has the same serrate character typical of 
Cretaceous deposits. Note the conductor pipe interpreted to 20 m. 

Neutron log 

Gamma-

ray log 

Interpreted water line 

Interpreted conductor pipe 
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Cased-hole gamma-ray logs provide important constraints on the thickness and 

lithology of the Pleistocene section, particularly when combined with other shallow 

borehole and VS data. A suite of four cross sections is included in Appendix 3 to show 

some of the criteria used for picking top of bedrock. Where bedrock consists of marine 

sediments, bedrock can be picked with reasonable confidence where highly correlative 

stratigraphic markers in Cretaceous strata that can be traced over tens of kilometres are 

truncated and overlain by Pleistocene sediments (Septimus and Septimus Creek focus 

sections; Hayes et al., 2016; Petrel Robertson Consulting Ltd., 2016; Monahan et al., 

2019). Where bedrock consists of interbedded sandstones and shales of terrestrial and 

paralic origin in the Dunvegan and lower Kaskapau Formation, which exhibit high lateral 

variability, interpretation is less certain. However, Quaternary sediments can be 

distinguished from these Cretaceous deposits as the Quaternary sediments have a 

generally smoother and less serrate gamma-ray signature because of the massive 

nature of tills, and the less variable nature of glaciolacustrine sediments. In addition, the 

fine units tend to have a lower gamma-ray signature than the Cretaceous shales (Figure 

12). Further examples are shown in the Pingel Creek focus section, where a distinctive 

Pleistocene signature in several wells has an angular cross-cutting relationship with the 

underlying Cretaceous deposits, and the Sweetwater Road focus section (Appendix 3).  

The bedrock gamma-ray signature appears to be unaffected by weathering (e.g., 

Monahan et al., 2019, Figure 11). 

 

Figure 12. Gamma-ray log cross section through the 05-06-081-15 well, located on a gentle upland, and 
the 06-06-81-15 well, located on the margin of the glaciolacustrine terrace above the Kiskatinaw River. 
Note Pleistocene section has lower and less serrate gamma-ray log signature that the underlying 
Cretaceous. The MASW profile SL19-7 at the 06-06-081-15 wellsite confirms that low velocities (<450 
m/s) extend to a depth of at least 30 m. The photo is taken from the upland looking down on the 6-06 
wellsite. 
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Water Well Logs 

An edited database of depth to bedrock values in northeastern BC water wells was 

prepared by Hickin (2013), primarily from the BC Ministry of Environment and Climate 

Change Strategy’s GWELLS database (BC Ministry of Environment and Climate 

Change Strategy, 2020; https://apps.nrs.gov.bc.ca/gwells/). This dataset has been 

updated from those used in previous studies, and includes 1533 wells in and adjacent to 

the project area, 1477 from GWELLS and 56 additional wells added by Hickin. 

(Figure 1). This database is included in Appendix 4. 

Although GWELLS includes an enormous amount of useful information, it has been 

generated from water well records prepared with large variations in accuracy. 

Numerous duplications occur. Some well logs were prepared by professionals, but most 

have been prepared by drillers, who use geological and non-geological terms with 

varying degrees of consistency. Lithological uncertainty can be minimized by comparing 

descriptions from several wells; if the descriptions in several nearby well logs are 

similar, then it is likely that similar lithologies are being described. The depth to bedrock 

is commonly reliably reported, and this is the parameter of most importance for this 

study. However, in several wells, intervals described as “clay” underlie sandstone, but 

these clays are more likely weathered shale and siltstone. In such cases, the depth to 

bedrock was revised upward to the top of the sandstone. In neighbouring wells where 

sandstone beds are absent, the depth to bedrock could be overstated. 

Well location is another source of uncertainty. The locations in the GWELLS database 

have been digitized from maps of different scales, or estimated from written 

descriptions. Although location errors of a few ten of metres is not an issue in a regional 

study, some wells have been assigned to incorrect NTS blocks or grids, resulting in 

errors of hundreds of kilometres. The street address or locations expressed in the 

Dominion Land Survey (DLS) system are commonly reported in the GWELLS database, 

and are a useful test for location accuracy. In addition, the original records of most wells 

are available through GWELLS as a further check. Where location errors were identified 

based on original records, the coordinates were revised to better reflect true location. 

The original records of approximately 600 wells were examined. All changes from 

GWELLS are reported in Appendix 4. However, a rigorous reinterpretation and 

correction of water well data in the area was beyond the scope of this project. 

However, water wells are widely distributed throughout the region, and many water well 

drillers have extensive experience in the region and provide excellent logs. Their 

records provide useful constraints on the depth to bedrock interpretations from the 

cased-hole gamma-ray logs. 

  

26

https://apps.nrs.gov.bc.ca/gwells/


Geoscience BC Report  2022-05 

Geotechnical Borehole Logs 

Geotechnical borehole logs provide the best data for Quaternary geological studies, 

because they are consistently described by professionals, reliably located, and include 

repeatable quantitative measurements that can be correlated to physical properties. The 

latter include standard penetration test (SPT) blowcount (N) values and moisture 

content, which are useful stratigraphic indices. The SPT N value is the number of 

hammer blows required to drive a sample tube 305 mm (1 ft.) into the material at the 

bottom of the hole under standardized conditions. If, after fifty blows, penetration has 

not reached 305 mm, the test is usually terminated; this upper limit is termed refusal, 

and indicates a material very resistant to penetration. The principal disadvantage of 

these borehole data is that they are generally drilled to shallow depths, a few tens of 

metres at most. Furthermore, they are proprietary, and so laborious and time 

consuming to acquire, and details cannot be published without the owner’s consent. 

The geotechnical borehole database for this study comprises 1955 boreholes at 245 

sites, in and adjacent to the study area. Boreholes deeper than 10 m are present at 176 

of these sites. These totals include 582 borehole logs at 107 sites acquired for the 

previous amplification study by Monahan et al. (2019).  

The geotechnical borehole data are not widely distributed throughout the region. 

Outside the cities of Fort St. John and Dawson Creek and the Site C Dam project, 

geotechnical data are concentrated along powerlines, highways, and at gas plants and 

related petroleum industry facilities.  

This category of boreholes also includes 27 well-described boreholes drilled for 

scientific purposes. These comprise seven boreholes drilled in the Groundbirch 

Paleovalley by the BC Geological Survey (Hickin and Best, 2013; Hickin et al., 2016a), 

two drilled by Geoscience BC in the vicinity of Fort St John, (Levson and Best, 2017), 

two drilled on a slide on the Beatton River Valley (Raymond et al., 2003), and 17 drilled 

by the Energy and Environment Research Initiative (EERI) as part of a regional 

groundwater monitoring project by the University of British Columbia (Cahill et al., 2019; 

Ladd et al., 2019, 2020; Goetz, personal communication, 2020). The latter are well 

distributed throughout the project area and have been particularly useful in constraining 

the gamma-ray log interpretations. Wire-line logs were run in the Groundbirch boreholes 

and one of the Geoscience BC Boreholes. 
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DEPTH TO BEDROCK CONTOUR MAP 

 

 

 

The subsurface geological data was used to prepare a depth to bedrock contour map. 

Four contours were chosen—15 m, 30 m, 100 m and 200 m.  

The 15 m contour was chosen as the shallowest as much of the subsurface data 

outside of the urban areas is from oil industry gamma-ray logs, and frequently the upper 

15 to 20 m are either not recorded or are obscured by conductor pipe. In addition, depth 

to bedrock can vary over this range within a single construction site in the uplands, so 

that a shallower minimum contour line between widely separated points would be less 

reliable.  

The 30 m contour captures thicker developments, and the 100 m contour defines the 

deeper paleovalleys. The 200 m contour occurs only in the deepest parts of the 

paleovalleys.  

In addition to the subsurface geological data, the contouring was guided by the shaded 

relief and topographic mapping, surficial geological mapping by Mathews (1978) and 

Reimchen (1980), and bedrock geological mapping by Irish (1958), which identified 

bedrock outcrops. 

The depth to bedrock contours largely follow topography, with sediment thickness 

thinner over hills and thicker in valleys. However, as noted above, the thickness of 

unconsolidated deposits overlying bedrock tends to be thicker on the northeastern side 

of hills in the low relief uplands, which is the lee side with respect to the latest ice 

movement (Cordilleran; Hickin et al., 2016b). 

There are multiple uncertainties with this map. Much of the subsurface data is derived 

from interpretation of gamma-ray logs. As stated above, areas where most subsurface 

data are derived from water wells, such as the Fort St. John and Charlie Lake area, 

there are uncertainties because the depth to bedrock may be overstated. In particular, 

the depth to bedrock thick mapped through the low relief upland area in Fort St. John 

needs to be validated by other methods. A further level of uncertainly is derived from the 

contouring itself. 

  

28



Geoscience BC Report  2022-05 

ACQUISITION OF VS DATA  
 

 

 

Shear-wave velocity (VS) data have been acquired at 28 sites, by downhole logging in 

existing boreholes using the vertical seismic profiling (VSP) method, and by 

multichannel analysis of surface waves (MASW), a non-invasive surface technique that 

generates a VS profile along a 100 m transect. These two methods are described by 

Arsenault et al. (2012) and Phillips and Sol (2012), respectively. The data were acquired 

by Frontier Geosciences Inc. The locations of the test sites are shown in Figure 13. The 

VS data field report, with data acquisition details, and digital data files are included in 

Appendix 5. 

The VSP logs were acquired in seven boreholes, and the results are summarized in 

Table 2 (and in more detail in Appendix 5, Table 1). Five of the boreholes were drilled 

by the UBC EERI (Cahill et al., 2019; Ladd et al., 2019, 2020), with the other two being 

Province of BC groundwater observation wells (OW; Kelly and Janicki, 2013). In 

addition to VS, P-wave velocity (VP) data were obtained in all boreholes, and gamma-ray 

logs were run in EERI-2, and -3, and OW 418 and 420 to correlate with gamma-ray logs 

in petroleum wells. The EERI boreholes have polyvinyl chloride (PVC) casing, whereas 

the OW have steel casing to the approximate top of bedrock, and PVC casing below. 

Descriptive logs of the OW are also available in the GWELLS database (BC Ministry of 

Environment and Climate Change Strategy, 2020). Figure 14 shows the logs of 

OW 418, which was the deepest borehole logged. Note that the gamma-ray signal is 

somewhat attenuated in the steel-cased interval. Annotated logs of all boreholes with 

new VS data are shown in Appendix 5, Figures 2 to 8. 

The MASW profiles were acquired at 21 sites, and the results are summarized in 

Table 3 (and in more detail in Appendix 5, Table 2). Of these, ten were acquired at 

seismograph stations, in order to assess site effects: five are in the McGill University 

Dawson–Septimus Induced Seismicity Study network (MG01 to MG05; McGill 

University, 2020); two are in the Geological Survey of Canada–BC Oil and Gas 

Commission Induced Seismicity Study network (MONT1, MONT8; Natural Resources 

Canada, 2020); two are industry stations included in the study by Babaie Mahani and 

Kao (2018a; stations 9 and 15); and one is a proprietary industry station. Six MASW 

profiles were acquired at private residences (two co-located with seismograph stations), 

to calibrate the residents’ experiences with induced earthquakes (MASW SL19-1, -12, -

13, -14, -16, -18). Six MASW profiles were located adjacent to sites where geotechnical 

or scientific borehole data had been obtained, in order to refine the VS model of the 

shallow geological materials (MASW SL19-2, -10, -11, -15, -17, -21). One MASW, 

SL19-2, was done adjacent to EERI-2 in order to compare the two techniques. 

Annotated representative traces for all MASW sites are shown in Appendix 5, Figures 9 

to 30. 
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Figure 13.  Spatial distribution of sites where shear-wave velocity (VS) data were acquired in the Fort St. 
John–Dawson Creek area, northeastern British Columbia. Site details are found in Tables 2 and 3 and 
Appendix 5, Tables 1 and 2. The previous study noted is that by Monahan et al. (2019). Abbreviations: 
MASW, multichannel analysis of surface waves; VSP, vertical seismic profiling. UTM Zone 10N, NAD 83. 
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Table 2. Summary of vertical seismic profiling (VSP) data in pre-existing boreholes. Locations of 
boreholes shown on Figure 5 and location details are shown in Appendix 5, Table 1. Abbreviations: 
GWELLS, BC Ministry of Environment and Climate Change Strategy (2020) groundwater wells and 
aquifers database; OW, observation well; VS30, average shear-wave velocity in upper 30 m; WTN, well tag 
number.  

Borehole  
Depth 

(m) 

Depth to 
bedrock 

(m) 

VS30 
(m/s) 

Site 
Class 

Setting  Reference 

EERI-2 45 26.7 271 D 
Low relief upland 
hillside 

Cahill et al., 2019; Monahan 
et al., 2020 

EERI-3 55 26 276 D 
Glaciolacustrine 
minor valley bottom 

Cahill et al., 2019; Monahan 
et al., 2020 

OW 418   91 10 417 C 
Low relief upland 
hillside 

Kelly and Janicki, 2013 
(GWELLS WTN 104709) 

OW 420  44 22.5 370 C 
Low relief upland 
hillside 

Kelly and Janicki, 2013 
(GWELLS WTN 104711) 

EERI-7  33 5.5 360 C-D 
Low relief upland 
hilltop 

Ladd et al., 2019, 2020 

EERI-8 32 2.5 415 C 
Low relief upland 
hilltop 

Ladd et al., 2019, 2020 

EERI-12 32 19 500 C 
Low relief upland 
hillside 

Ladd et al., 2019, 2020 
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Figure 14. Borehole logs for Observation Well 418 (groundwater wells and aquifers database [GWELLS] 
well tag number 104709; BC Ministry of Environment and Climate Change Strategy, 2020), located on 
gently sloping upland hillside. Gamma-ray, shear-wave velocity (VS) and P-wave velocity (VP) data. 
Average VS and VP posted for each interval. Lithological log and descriptions modified from those of Kelly 
and Janicki (2013) and GWELLS to match gamma-ray and velocity logs. Note downward increase in VS 
below the weathered interval. Note also, attenuation of gamma-ray signal in steel-cased interval. Top of 
bedrock picked in this interval based on driller’s log and the lower and less serrate gamma-ray signature 
of Quaternary till compared to Cretaceous shale. Upper part of Dunvegan Formation from 32 to 75 m 
correlates with the basal A-X member of the Kaskapau alloformation of Plint (2000). Gamma-ray scale at 
bottom. The average shear-wave velocity in upper 30 m (VS30) is 417 m/s at the site (Site Class C). 
Abbreviations: cps, counts per second; PVC, polyvinyl chloride; sh, shale. 
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Table 3. Summary of multichannel analysis of surface wave (MASW) data. Locations are shown on Figure 13 and location details are shown in 
Appendix 5, Table 2. Depth to bedrock is interpreted from gamma-ray log in adjacent petroleum well or borehole; *depth to bedrock interpreted from 
the MASW profile; **VS30 and depth to be bedrock estimates uncertain due to uncertainty of velocities in lower part of profile. *** L.S. 11, Sec. 11, 
Twp. 80, Rge. 16, W 6

th
 Mer.; WTN – Well Tag Number, GWELLS database (BC Ministry of Environment and Climate Change Strategy, 2020).  

Test site Seismic station/wellsite/location 
Depth  

(m) 

Depth to 
bedrock 

(m) 
VS30 (m/s) Site Class Setting Reference 

SL19-1 MONT1, South of Parkland Rd 38 25* 253 +4 D Glaciolacustrine, minor valley bottom Monahan et al., 2020 

SL19-2 EERI 2 34 27 228 +7 D Low relief upland, gently sloping hillside Cahill et al., 2019; Monahan et al., 2020 

SL19-3 Seismic station 11-11-80-16W6*** 36 
 

345 +14 D Low relief upland, steep hillside 

 SL19-4 MG05,  16-32-79-15W6 30 11* 233 +13 D Low relief upland hilltop Monahan et al., 2020 

SL19-5 MONT8 36 >36* 246 +16 D Low relief upland hillside 

 
SL19-6 MG03, 14-4-80-16W6 30 40 268 +15 D 

Glaciolacustrine, edge of minor valley 
bottom 

 
SL19-7 MG04,  6-6-81-15W6 32 78 221 +5 D 

Glaciolacustrine bench above Kiskatinaw 
River  

 
SL19-8 MG02, 13-23-79-14W6 32 57 238 +15 D 

Glaciolacustrine bench above Saskatoon 
Creek  

 
SL19-9 MG01, 16-30-81-17W6 30 103 192 +17 D-E 

Glaciolacustrine, minor valley bottom, peat 
at surface  

Hansen, 1950; Farstad et al., 1965; Lord 
and Greene, 1986 

SL19-10 GSBC BH 2017-12 32 >54 303 +8 D Glaciolacustrine bench above Peace River Levson and Best, 2017 

SL19-11 
Wilder Gas Plant 10-14-82-20W6, 
near MONT6 

30 172 309 +32** D Glaciolacustrine bench above Pine River 

 SL19-12 Terrace above Pine River 30 
 

292 +5 D Glaciofluvial terrace above Pine River 

 SL19-13 West end Parkland Rd  30 
 

384 +34 C-D Low relief upland hilltop 

 SL19-14 MG10, Patterson Rd, Briar Ridge 30 18* 287 +18 D High relief upland, gently sloping hillside   WTN 39088  

SL19-15 
Northern Lights College, Dawson 
Creek Campus 

30 13** 386 +20** C Glaciolacustrine, minor valley bottom 

 SL19-16 226 Rd, northwest of Tower Lake 30 
 

371 +23 C-D Low relief upland, near hilltop   

 SL19-17 S013, 11-28-80-18 30  5* 499 +31 C Low relief upland, steep hillside Babaie Mahani and Kao, 2018a, site 15 

SL19-18 Lebell Road  30 
 

273 +6 D 
Glaciolacustrine bench above Kiskatinaw 
River 

 
SL19-19 West Doe Gas Plant, 2-11-80-16W6 30 15* 338 +13 D 

Glaciolacustrine, edge of minor valley 
bottom  

 SL19-20 S012, 11-24-81-18W6 30 48 259 +18 D Low relief upland gentle slope Babaie Mahani and Kao, 2018a, site 9 

SL19-21 Airport Road, Fort St. John  30   349 +9 D Low relief upland   
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The depths investigated on the MASW profiles are between 30 and 38 m. The VS data 

are determined at multiple geophones on each profile (typically 39), so that VS30 was 

calculated at each geophone, and the VS30 mean and standard deviation could be 

calculated for the profile (Table 3). Note that the mean VS30 shown in Table 3 is the 

time-averaged velocity in the top 30 m of the soil column at all geophones. The depths 

to bedrock reported are either interpreted from adjacent cased hole gamma-ray logs or 

other borehole data, or are interpreted from the MASW data. An example of a MASW 

profile and adjacent borehole data are shown in Figure 15 (15a and 15b). 
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Figure 15a. Multichannel analysis of surface waves (MASW) at SL19-10 at Geoscience BC borehole 2017-12 (Levson and Best, 2017), located 

on a glaciolacustrine bench above the Peace River. a) MASW profile. Numbers along the top of the profile are geophone locations. The average 

shear-wave velocity in upper 30 m (VS30) is 303 ±8 m/s at the site (Site Class D). Abbreviation: E, east. 
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Figure 15b. Borehole gamma-ray and resistivity logs and shear-wave velocity (VS) trace at geophone 24 
(627001E, 6234050N, UTM Zone 10N, NAD 83), the closest to the borehole. Average VS is posted for 
each interval. Gamma-ray and resistivity logs by Weatherford International plc, core description from 
Levson and Best (2017). The average shear-wave velocity in upper 30 m (VS30) is 303 ±8 m/s at the site 
(Site Class D).  
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VS MODEL OF SHALLOW GEOLOGICAL DEPOSITS 

 
 

 

The VS data acquired for this project have been used to prepare a VS model of the shallow 

geological deposits in the project area, and builds on a VS model developed previously for 

the entire Montney play area (Monahan et al., 2019). The new model incorporates VS data 

acquired for the previous study, including six VSP logs in the Groundbirch area, twelve 

MASW profiles (Figure 13; Appendix 5, Table 3), and three dipole sonic logs in Geoscience 

BC boreholes drilled in 2017. Four of the MASW profiles and all the dipole sonic logs are 

from outside of the current project area and not shown on Figure 13. All data from the 

previous study were reinterpreted for the new model. The data have been supplemented by 

VS data acquired by others, comprising nine seismic cone penetration tests (SCPT) at four 

sites (including from Chao et al., 2020), and four MASW tests at one site. Most of the latter 

data are proprietary. Of the five sites, only one is outside of the area shown in Figures 1 

and 13. 

To develop the model, the VS data points were correlated with specific stratigraphic units. In 

computing the average VS (VSAV) for each unit, data were time-averaged to be consistent 

with the calculation of VS30. For the borehole VS data, borehole logs, core descriptions and 

wireline log data are sufficient to confidently assign VS data points to specific stratigraphic 

units (Figures 14, 16, 17, 18). Core descriptions for the boreholes are by Hickin et al. 

(2016a; Groundbirch), Levson and Best (2017; Geoscience BC 2017 boreholes), and 

Goetz (Cahill et al., 2019; Ladd et al., 2019; EERI boreholes). The water well logs are 

available in GWELLS. In some of the water well descriptions, clay intervals were 

reinterpreted as till, based on descriptions of nearby geotechnical boreholes. The 

proprietary SCPT data could be similarly assigned to specific stratigraphic units (Figure 19). 

However, for the MASW profiles, only data from those adjacent to geotechnical or scientific 

boreholes were used—that is, all of the MASW profiles from Monahan et al. (2019) and six 

of the MASW profiles acquired for this study. In these, only intervals from the closest 

geophone to the borehole that could be equated with specific stratigraphic intervals in the 

boreholes were used in the VS model (Figure 15, 19). Data from deeper than the bottom of 

the adjacent borehole were excluded, except in cases where bedrock had been confirmed 

in the borehole. 

The VS model is summarized in Table 4. The ranges shown on the table are the lowest and 

highest interval values rather than from individual data points. Ranges of standard 

penetration test (SPT) blowcount (N) values for each stratigraphic unit were derived from 

geotechnical borehole data collected as part of the project. The new VS model is generally 

similar to that previously described by Monahan et al. (2019), but differs from the earlier 

model in two important aspects—the greater range of VS for tills and weathered bedrock 

(Monahan et al., 2020, 2021). 
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Figure 16. Borehole log for EERI-12. Shear-wave velocity (VS) and P-wave velocity (VP) data. Average VS 
and VP are posted for each interval. Core description by Goetz (in Ladd et al., 2019). Note that the VS 
increases downward through the diamict (i.e., till) as clast size increases. The VS increase at 12.5 m is 
interpreted to represent the downward change from meltout to lodgment till. An alternate interpretation is 
that each VS interval represents a till of a different age. The average shear-wave velocity in upper 30 m 
(VS30) is 500 m/s at the site (Site Class C). 

 

38



Geoscience BC Report  2022-05 

 

Figure 17. Borehole log for EERI-7, located on low relief upland hilltop. Shear-wave velocity (VS) and P-
wave velocity (VP) data. Average VS and VP are posted for each interval. Core description by Goetz (Ladd 
et al., 2019). Note weathered bedrock interval is 8 m thick with an average shear-wave velocity (VSAV) of 
306 m/s. The average shear-wave velocity in upper 30 m (VS30) is 360 m/s at the site (Site Class C-D 
boundary). 
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Figure 18. Borehole log for EERI-8, located on low relief upland hilltop. Shear-wave velocity (VS) and P-
wave velocity (VP) data. Average VS and VP are posted for each interval. Core description by Goetz (Ladd 
et al., 2019). Note weathered bedrock interval is 10.5 m thick with an average shear-wave velocity (VSAV) 
of 273 m/s. The average shear-wave velocity in upper 30 m (VS30) is 415 m/s at the site (Site Class C). 
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Figure 19. Proprietary data from a geotechnical investigation at a gently sloping upland site, provided 
courtesy of an oil and gas operator. Data shown are shear-wave velocity (VS) and tip resistance (qt) from 
a seismic cone penetration test (SCPT). Standard penetration test (SPT) blowcount (N) and lithological 
data are from an adjacent borehole. Average VS in the SCPT is 219 m/s. Based on a correlation of N with 
VS, the average VS of the section at the bottom of the borehole is estimated to be 224 m/s. Estimated 
average shear-wave velocity in the upper 30 m (VS30) is 312 m/s, assuming bedrock VS of 900 m/s from 
the base of the hole down to 30 m (Site Class D). This estimate is an upper bound one, as the one 
bedrock N value (30) indicates that the bedrock surface is weathered, and the estimated VS30 will be less 
if a thick weathered interval is present. 
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Table 4. Shear-wave velocity (VS) model of near-surface geological deposits in the Fort St. John–Dawson 
Creek area. Numbers in brackets in environment and lithology columns are the number of sites 
represented. Bracketed standard penetration test (SPT) blowcount (N) values are inferred, not observed. 
Ranges in VS are highest and lowest interval averages, rather than individual data points. 

Period Unit Environments Lithology SPT N  
VS average 
(range, m/s) 

Holocene  Alluvium  Silt, sand and gravel (1)  5 to >50  
196 ±14  

(180–300?)  

Pleistocene  

Late 
Wisconsinan 

glaciation 
retreat 
phase  

Glaciofluvial 
terrace  

Gravel and sand (1) 

5 to >50  

364 ±91 

(with overlying silt  
VSAV 326 +94) 

 (260–400)  

Glaciolacustrine  

Silt, clay and very fine sand 
(24) 

2 to 20  
210 ±53 

(135–330)  

Pebbly silt (3)   
301 ±29 

(285–340) 

Glaciolacustrine, 
glaciodeltaic 

Sand and gravel (6) (20 to >50) 
299 ±45 

 (250–370)  

  
Flow till (2)   

377 ±42  

Tills  333–465 

 (31 sites) 
Meltout till (2) 

  224 ±52 

VSAV   (135–260) 

319 ±133 
Undifferentiated till (21) 10 to >50 

295 ±108 

Late 
Wisconsinan 

glaciation 
maximum 

(135–790) (135–600) 

 
Lodgment till (8)    

422 ±151 

  (260–790)  

Late 
Wisconsinan 

advance 
phase and 

earlier 
glacial and 
nonglacial 
deposits 

Glaciolacustrine  Clay, silt and very fine sand (6) 15 to >50 
426 ±26  

(360–460)  

Glaciolacustrine 
glaciodeltaic 

Silty sand and sand (5) (>50) 
527 ±188 

(400–860) 

Glaciofluvial and 
fluvial 

Gravel and sand (7) (>50) 
519 ±117 

(420–840)  

Tills  Till, flow and lodgment (4) (>50) 
660 ±132  

(490–830)  

Cretaceous 

Cardium, 
Kaskapau, 
Dunvegan 

and 
Shaftesbury 

Fms.  

Weathered shale and sandstone (16) 30 to >50  
522 ±232 

(240–850)  

Shale (7) >50  
948 ±199 

(725–1280)  

Interbedded sandstone and shale (9) >50 
1170 ±387 

 (725–1878)  
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VS normally increases with depth and effective overburden stress. For granular 

deposits, VS can be normalized for effective overburden stress, according to the 

following formula (Robertson et al., 1992): 

VS1 = VS (Pa/ σ’)0.25         (5) 

where, 

VS1 = normalized VS  

Pa = reference stress, usually 1 atmosphere, and  

σ’= effective overburden stress. 

Because water levels are not known at most VS sites, VS data could not be reliably 

normalized for effective overburden stress. Alternatively, the increase in VS with depth is 

shown for the two most widespread Pleistocene units—the retreat-phase 

glaciolacustrine silt, clay and very fine sand and the Late Wisconsin till (Figure 20).  

 

 

Holocene and Retreat-Phase Deposits of the Last Glaciation 

 

Holocene alluvium was tested at one MASW site on the Sikanni Chief River, north of the 

project area (Monahan et al., 2019; SL2-2), where the VSAV is 196 ±14 m/s in 11 m of 

interbedded gravel, sand and silt. In boreholes in the Peace River valley, SPT N values 

range from 5 to >50, indicating a high gravel content and suggesting that this VSAV value 

is at the low end of the range. By comparison with similar Holocene fluvial and deltaic 

sands and gravels in southwestern BC, in which VSAV ranges from 260 to 290m/s 

(Monahan and Levson, 2001; Taylor et al., 2006), the VS range for these deposits in the 

Peace River area is more likely 180 to 300 m/s, increasing as the thickness of silt 

interbeds decreases and the gravel content increases. 

Retreat-phase deposits of the last glaciation show a pattern of increasing VS with grain 

size. The VSAV increases from 210 ±53 m/s in glaciolacustrine silt, clay and very fine 

sand (24 sites), to 299 ±45 m/s in glaciolacustrine and glaciodeltaic sand with minor 

gravel (six sites), and to 364 ±91 m/s in glaciofluvial gravel and sand (one site). The 

last-mentioned site is located on a glaciofluvial terrace, where the gravel and sand unit 

is overlain by 7 m of silt. The VSAV of these deposits together is 326 ±94 m/s. Pebbly silt 

intervals interbedded with glaciolacustrine sediments are 3 to 7 m thick, and have a 

VSAV of 301 ±29 m/s (3 sites; e.g., Figure 15b).  

Retreat-phase glaciolacustrine silt, clay and very fine sand are widespread and 

described in many geotechnical boreholes. These deposits occur over a 30 m depth 

range and the average VS increases from less than 200 m/s near surface to 236 m/s at 

30 m (Figure 20). The SPT N values are generally between 2 and 20. 
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Figure 20. Plot showing the increase in VS with depth for the two most commonly encountered 

Pleistocene facies—the retreat phase glaciolacustrine silt, clay and very fine sand, and the Late 

Wisconsin till. 
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Tills 

Till occurs in 53 intervals at 34 sites (40 tests) and has a VSAV of 341 ±175 m/s. 

However, the till intervals can be subdivided into those interpreted to be Late 

Wisconsinan, which occur at surface or directly below the Late Wisconsinan retreat-

phase deposits, and those that occur deeper in the section and are interpreted to be 

older. 

Accordingly, till intervals at 31 sites are interpreted as Late Wisconsinan, and have a 

VSAV of 321 ±133 m/s, with a wide range from 135 to 790 m/s. Average VS increases 

from 220 m/s near surface, to 425 m/s at 30 m depth (Figure 20). In most borehole logs, 

the differentiation between meltout, flow and lodgment till was not made. However, 

these interpretations were made by Hickin et al. (2016a) and Levson and Best (2017) in 

their core descriptions (e.g., Figure 15b); and in two of the EERI borehole logs the 

distinction between meltout and lodgment till can be inferred from an abrupt downward 

increase in VS in an otherwise continuous till sequence (Figure 16). Following these 

interpretations, Late Wisconsinan meltout till occurs at two sites with VSAV of 224 

±52 m/s, flow till occurs at two sites with VSAV of 377 ±42 m/s, and lodgment till at eight 

sites with VSAV of 422 ±151 m/s. Undifferentiated tills at 21 sites have a VSAV of 

295 ±110 m/s. In geotechnical boreholes, the range of SPT N values in Late 

Wisconsinan tills is typically between 10 and >50 (i.e., refusal). 

Although the range of VSAV in Late Wisconsinan till encountered in many upland sites 

overlaps with that of retreat phase glaciolacustrine silt, clay and very fine sand (e.g., 

Figure 18), where the glaciolacustrine deposits overlie till, the boundary is marked by a 

downward increase in VS, as shown on Figure 15b, and an increase in SPT N values, 

generally from <15 to >15. 

Tills interpreted to be older than the last glacial maximum occur at four sites, and have a 

VSAV of 660 ±132 m/s. Lodgment till occurs at three sites with a VSAV of 709 ±100 m/s, 

and flow till occurs at two sites with a VSAV of 572 ±111 m/s (Hickin et al., 2016a; Levson 

and Best, 2017; Monahan et al., 2019). 

The range of VSAV in tills is likely related to varying degrees of glacial compaction and 

clast and clay content, with the latter two increasing and decreasing VS, respectively. 

Although till provenance controls lithology, and Laurentide tills are clay-rich (Mathews, 

1978), there are insufficient data to assess the control of provenance on till VS. 

Advance-Phase Deposits of the Last Glaciation and Earlier Deposits 

Deposits older than the Late Wisconsinan glacial maximum are represented at ten sites. 

These have higher VSAV than retreat-phase and Holocene deposits due to glacial 

compaction, and display less grain size control of VS. Glaciolacustrine clay, silt and very 

fine sand occur at six sites, with a VSAV of 426 ±26 m/s; glaciolacustrine and 

glaciodeltaic silty sand and sand occur at five sites, with a VSAV of 527 ±188 m/s; and 
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glaciofluvial and fluvial sand and gravel occur at seven sites with a VSAV of 

519 ±117 m/s. 

 

Bedrock 

Bedrock VS was recorded at eighteen sites. Weathered intervals at the top of bedrock 

occur at sixteen sites and were either directly reported on borehole logs (e.g., 

Figures 14, 17, 18) or interpreted on MASW profiles by steep downward VS increases 

before levelling off at a high VS, with the latter being interpreted as unweathered 

bedrock (e.g., Figure 21). Weathered intervals are up to 36 m thick, with an average of 

15 m and a VSAV of 522 ±232 m/s. However, intervals of weathered bedrock with low 

velocity occur in boreholes logged for this project in the low relief uplands— EERI 7 and 

8, where the VS of weathered bedrock intervals 7 m and 11.5 m thick are 306 and 273 

m/s, respectively (Figures 17, 18).  

Relatively unweathered bedrock is represented at eleven sites. Shale intervals have 

generally lower VSAV than intervals of interbedded sandstone and shale. The VSAV for 

these intervals are 962 ±198 m/s and 1179 ±411 m/s, respectively. However, VS 

continues to increase downward from the weathered zone, as shown in OW 418, where 

VSAV increases downward from 871 m/s at 14 to 24 m depth in Kaskapau Formation 

shale to 1878 m/s between 53 and 90 m in the Dunvegan Formation sandstone and 

shale (Figure 14). This downward increase is likely due to the gradually decreasing 

effects of weathering below the upper, highly weathered interval, the closure of fractures 

due to greater overburden stress and the effect of increased overburden stress itself. 

VS30 by Geological Setting 

VS30 has been determined at 43 sites in the Fort St. John-Dawson Creek area, and 

these are shown by geological setting in Figure 224. The narrow range of site classes, 

with most sites occurring in Site Classes C and D, is similar to that reported by Farrugia 

et al. (2017) in the geologically similar Alberta Plains. In the Red Deer region of Alberta, 

closer to the foothills, the range of site classes is somewhat higher, with most of the 

area being in Site Class C (Yusifbayov et al., 2021). 

 

                                                           
4
 The 48 locations shown on Figure 22 include one site on modern alluvium beyond the study area, two records for MASW SL2-6, 

where the VS30 changes from north end of the line to the south end, and four proprietary MASW tests at a site in the Fort St. John-
Dawson Creek area.  
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Figure 21. Shear-wave velocity (VS) trace from multichannel analysis of surface waves (MASW) test  
SL-4, from previous study (Monahan et al., 2019), and lithological data from adjacent proprietary 
borehole. Site located at hilltop site of gentle topography in Dawson Creek. The VS trace is at geophone 
28, the closest to the borehole (673711E, 6184226N, UTM Zone 10N, NAD 83). Average VS is posted for 
each interval. Borehole log reports weathered shale down to 15 m, but the VS trace suggests that the 
effects of weathering extend down to ~21 m. Relatively unweathered bedrock is interpreted below 21 m 
where the VS values level off at high values. The average shear-wave velocity in upper 30 m (VS30) is 
468 ±23 at the site (Site Class C). 
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Figure 22. The average shear-wave velocity in the upper 30 m (VS30) by geological setting for sites in the 
Fort St. John–Dawson Creek area. Only site SL2-2, located on modern alluvium, is outside of the project 
area. Site details are shown in Tables 2 and 3; sites SL-1 to SL-6, SL2-2, SL2-5, SL2-6 N, SL2-6 S, 
GB12-2 and GB15-1 to GB-15-5 are from a previous study by Monahan et al. (2019); data from tests S1 
to S4 are proprietary. Note range of VS30 in low relief uplands extends into Site Class D, overlapping with 
VS30 of the other settings represented. Lighter shading at site 19-15 in glaciolacustrine setting indicates 
questionable data point. For the purposes of discussion, the glaciofluvial terrace designation includes the 
site located on alluvial fan located on a terrace. 
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Sites on modern alluvium, glaciofluvial terraces5, glaciolacustrine benches and minor 

valley floors are generally in Site Class D, as would be expected where these deposits 

are thick and/or overlie older Quaternary deposits. Of the two glaciolacustrine sites in 

Site Class C, one (SL-5) is located in a minor valley, where bedrock is interpreted to be 

shallow on the MASW profile, and the other (SL19-15) is questionable due to 

uncertainty of the VS in the lower part of the profile. Site Class in the low relief upland 

sites ranges from B to D and overlaps with the glaciolacustrine sites where thick Late 

Wisconsinan tills occur. However, VS30 increases as depth to bedrock decreases, so in 

the high relief upland areas, where thin tills overlie bedrock, sites are likely to be in Site 

Class C or B. The one MASW site located in the high relief uplands (MASW SL19-14) is 

located on a gently sloping bench where soil thickness is anomalously thick—18 m, and 

is not representative of much of this geological setting. 

The relationship between VS30 and depth to bedrock is shown in Figure 23. Generally, 

sites where depth to bedrock exceeds 15 m are in Site Class D. Low relief upland sites 

which deviate significantly from this trend are associated with very high till velocities 

(e.g., EERI-12, Figure 16, 19 m, and VS30 500 m/s), or with low VS till overlying low VS 

weathered bedrock intervals (EERI-7, -8; Figures 17, 18). In the latter two boreholes, 

depths to bedrock are 5.5 and 2.5 m, and VS30 are 360 and 415 m/s, respectively. 

MASW SL19-4, where VS30 is 233 m/s, is located on a hilltop near EERI-7 and has a 

similar VS profile (Figure 24). It is interpreted to have a similar low VS till overlying low 

VS weathered bedrock at 11 m depth. These three control points indicate that where low 

VS till and weathered bedrock intervals occur in the low relief uplands, Site Class C-D 

boundary can occur where bedrock is as shallow as 6 m. 

The site shown on modern alluvium in Figure 22, located north of the study area on the 

Sikanni Chief River, is in Site Class D and may not be representative of the Peace River 

area. At this site, the alluvium is 11 m thick, and the low VS30 is in part due to an 

underlying low VS interval (~240 m/s, probably clay or silt) that extends to a depth of 40 

m (Monahan et al., 2019). Where observed at a site in the Peace River valley, Holocene 

alluvial deposits directly overlie bedrock. Proprietary refraction seismic data at this site 

(BC Hydro, personal communication, 2017) indicate that the Shaftesbury Shale, where 

it underlies modern alluvium, is not extensively weathered. The most conservative VS30 

estimate for this site is barely within Site Class D, suggesting that much of the modern 

alluvium in the Peace River valley is in Site Class C6. 

 

                                                           
5
 For the purposes of discussion, the glaciofluvial terrace designation includes the site located on alluvial fan located on a terrace. 

6
 VP in the Shaftesbury Shale at this site varies between 2350 and 2800 m/s, equivalent to VS between 850 and 1250 m/s using the 

mudrock correlation of Castagna et al. (1985). Assuming alluvium thickness of 14 m and VS of 200 m/s, and bedrock VS of 850 m/s, 
VS30 would be 342 m/s. Increasing the alluvium VS to 250 m/s increases the VS30 estimate to 406 m/s. 
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Figure 23. Plot of average shear-wave velocity in the upper 30 m (VS30) versus depth to bedrock for sites 
in the Fort St. John–Dawson Creek area. Power trendline is for all points, R

2
=0.63. Note that for sites 

where bedrock is deeper than 30 m, shear-wave velocity values below 30 m do not contribute to VS30 
calculation. Another view of the relationship between VS30 and depth to bedrock is shown in Appendix 5, 
Figure 1, in which all sites where bedrock is deeper than 30 m can be plotted as 30 m. This permits 
inclusion of thick soil sites where bedrock was not reached.  
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Figure 24. Shear-wave velocity (VS) trace from multichannel analysis of surface waves (MASW) test 
SL19-4, located in the low relief uplands at wellsite 16-32-79-15 and seismic station MG05. The profile 
here is similar to that in borehole EERI-7 (Figure 17), and is interpreted to represent similar stratigraphy. 
At EERI-7, VS in the till interval averages 158 m/s, compared to 149 m/s here, and in the weathered 
bedrock interval averages 306 m/s, compared to 307 m/s here. The average shear-wave velocity in upper 
30 m (VS30) is 233 ±13 m/s at the site (Site Class D).  
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INTERVIEWS WITH RESIDENTS 

 

 

 

Residents at thirteen households, extending from near Dawson Creek to the Pine River, 

were interviewed in person and/or by phone to record their experiences with induced 

earthquakes. A common experience is hearing a loud thump or rumbling, described as 

similar to a train or truck coming through the house, loud enough to wake people at 

night. This happens particularly in hilltop or hillside settings. Others describe the rattling 

of windows and dishes, particularly in valley bottom settings. These observations are 

consistent with MMI IV7. Some residents report several events in a single day during 

ongoing hydraulic fracturing operations. An observation repeated by several residents is 

that the effects were greater on hilltop settings than in valley bottoms. 

Although not specifically related to induced seismicity, several residents on Briar Ridge, 

in the high relief uplands directly east of the Pouce Coupe River, reported high, barely 

audible, but disturbing vibration associated with drilling. Of the residents interviewed 

elsewhere, only one expressed a similar concern. Seismic station MG10 was 

established on Briar Ridge during the course of this project. 

 

  

                                                           
7
 The modified Mercalli intensity scale rates the intensity of ground shaking based on qualitative observations of damage and 

human reactions (Kramer, 1996). 
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COMPARISON OF RECORDED GROUND MOTIONS WITH 

GEOLOGICAL DATA 

 

 

 

An earthquake dataset provided by A. Babaie Mahani (personal communication, 2018, 

2020) provides a basis for comparing recorded ground motions with local geological 

conditions and VS data in the project area (Appendix 6, Table 1). This dataset is derived 

from three sources: a modified version of the dataset Babaie Mahani and Kao (2018a) 

used to define an ML-based ground motion prediction equation (GMPE) for the project 

area; the dataset Babaie Mahani et al. (2019) included with their paper on the 

November and December 2018 sequence of earthquakes; and additional data 

assembled by Babaie Mahani. The dataset comprises 1280 records of 302 

earthquakes, recorded at 55 stations in and adjacent to the study area between March 

2014 and November 2019 (Figure 25, Table 5). The magnitudes of these events vary 

from MW 1.15 to MW 4.6 and the hypocentral distances vary from 0.9 to 256 km 

(Appendix 6, Figure 1). MW determinations are available for 146 events with 903 

records, and ML for 156 events with 377 records8. In the calculations of residuals 

described later in this section, ML values were only used where MW determinations were 

unavailable. The maximum single component PGA and PGV recordings are 170 cm/s2 

and 4.60 cm/s, respectively. Plots of the geometric mean of horizontal components vs 

hypocentral distances for all records are shown in Appendix 6, Figures 2 and 3. 

                                                           
8
 The magnitudes for some earthquakes in this dataset may be overstated by 0.2 to 0.5 units (G.M Atkinson, personal 

communication, 2021). 
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Figure 25. Location of seismic stations in and adjacent to the project area. 
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Table 5. Seismograph stations with residuals calculated by the HAG2020 GMPE. Locations are shown on Figure 25, and additional station details 
tabulated in Appendix 6, Table 2. Depth to bedrock is interpreted from gamma-ray log in adjacent petroleum well or borehole. * Depth to bedrock 
interpreted from the MASW profile; ** Note that VS30 and depth to bedrock at closest geophone to station, and so may differ from that shown in 
Table 3.  ***L.S. 16, Sec. 30, Twp. 80, Rge. 17, W 6

th
 Mer.  

Station Setting Wellsite*** 
Number 

of 
records 

Number 
of 

records 
used 

mean 
PGA 

residual 
log10 

Standard 
deviation 

PGA 

mean 
PGV 

residual 
log10 

Standard 
deviation 

PGV 

depth to 
bedrock*

* (m) 
MASW 

VS30  
m/s** 

A1104 
Low relief upland 
hilltop  

 3 3 0.222 0.114 -0.062 0.090 53 
  

A1121 
Glaciolacustrine 
bench above Pingel 
Creek  

 3 3 0.113 0.161 0.007 0.134 93 
  

A1123 
Low relief upland 
hillside 

 3 3 0.062 0.070 -0.044 0.086 28 
  

A1125  
Low relief upland 
hillside 

 3 3 0.823 0.297 0.314 0.269 
   

A1127 
Low relief upland 
hillside 

 2 2 0.171 0.037 -0.053 0.006 <24 
  

ARC01 
Low relief upland 
hillside 

15-26-081-18 1 1 -0.079 
 

-0.237 
 <12.3   

ARC02 
Low relief upland 
hillside 

11-36-080-17 1 1 0.334 
 

0.121 
 <15.7   

ARC03 
Low relief upland 
hillside 

14-10-081-16 1 1 0.910 
 

0.593 
 <10.9   

ARC04 
Glaciolacustrine, 
minor valley bottom 

 07-08-079-15 1 1 0.636 
 

0.518 
 54   

 ARC05 
Glaciolacustrine 
plain 

04-14-079-14 1 1 0.698 
 

0.510 
 76   

 ARG01 
Low relief upland, 
lower slope    

13-07-080-14 1 1 0.169 
 

-0.014 
 

10 
  

BCH1A 
Low relief upland 
hillside 

 06-10-079-15 1 1 -0.641 
 

-0.749 
 

<12 
  

BCH2A 
Low relief upland 
hilltop  

07-24-080-16 1 1 -0.474 
 

-0.594 
 

<0.3 
  

FSJ2 
Low relief upland 
hillside 

 03-34-085-20 3 3 0.157 0.101 0.062 0.134 <20 
  

 
GMM01 

Low relief upland 
hilltop  

 02-12-081-18 5 2 0.032 0.026 -0.186 0.043 12 
  

MG01  
Glaciolacustrine, 
minor valley bottom, 
peat at surface 

16-30-081-17 51 51 -0.186 0.301 0.005 0.256 103 SL19-9 204 
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MG02  
Glaciolacustrine 
bench above 
Saskatoon Creek  

13-23-079-14 39 39 -0.254 0.297 -0.241 0.214 57 SL19-8 231 

MG03  
Glaciolacustrine, 
edge of minor valley 
bottom 

14-04-080-16 51 51 -0.044 0.373 -0.152 0.280 40 SL19-6 250 

MG04  
Glaciolacustrine 
bench above 
Kiskatinaw River  

06-06-081-15 44 44 -0.111 0.370 -0.125 0.284 78 SL19-7 215 

MG05  
Low relief upland 
hilltop 

16-32-079-15 48 45 -0.159 0.372 -0.170 0.285 11* SL19-4 228 

MG06 
Glaciolacustrine 
bench above 
Saskatoon Creek  

01-25-079-14 19 19 -0.151 0.342 -0.179 0.269 81 
  

MG07  
Low relief upland 
hillside 

04-27-078-16 56 55 -0.311 0.310 -0.256 0.235 <10 
  

MG08 
Low relief upland 
hillside 

01-15-079-19 71 70 -0.233 0.299 -0.236 0.197 44 
  

MG09 
High relief upland 
hillside 

 07-07-078-18 61 58 -0.255 0.297 -0.207 0.238 22 
  

MG10 
High relief upland, 
gently sloping 
hillside   

 1 1 -0.673 
 

-0.725 
 

21* SL19-14 267 

MONT1  
Glaciolacustrine, 
minor valley bottom 

 26 25 -0.293 0.363 -0.270 0.279 25* SL19-1 253 

MONT2 
Glaciolacustrine 
plain 

07-13-081-14 8 8 -0.208 0.360 -0.301 0.316 68 
  

MONT3 Low relief Upland   16 14 0.022 0.408 -0.135 0.333 17* SL2-6** 353 

MONT6  
Glaciolacustrine 
bench above Pine 
River 

 20 20 0.154 0.322 -0.100 0.237 172 SL19-11 306 

MONT8 
Low relief upland 
hillside 

 3 3 -0.074 0.236 -0.136 0.213 >36* SL19-5 221 

MONT9  
Low relief upland 
hilltop  

09-34-078-17 1 1 -0.510 
 

-0.469 
 

<10 
  

NBC4  
High relief upland 
hilltop 

 161 160 -0.507 0.314 -0.326 0.265 
   

NBC7 
Glaciolacustrine 
bench above Fish 
Creek  

 131 131 -0.061 0.305 0.019 0.295 17* SL-5** 394 

ND014 
Low relief upland 
hilltop  

04-14-080-17 3 3 -0.116 0.061 -0.334 0.121 <18 
  

ND035 
Glaciolacustrine, 
minor valley bottom 

 04-31-080-17 2 2 -0.113 0.111 -0.256 0.147 163 
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ND067 
Low relief upland 
hillside 

 3 3 -0.141 0.207 -0.278 0.085 
   

ND089 
Low relief upland 
hillside 

12-25-081-17 3 3 -0.154 0.299 -0.306 0.401 <9.5 
  

ND124 
High relief upland 
hillside 

 4 3 -0.254 0.091 -0.452 0.080 7 
  

ND125 
Low relief upland 
hillside 

 3 3 0.124 0.166 0.023 0.210 9 
  

ND174 
High relief upland 
hilltop 

 2 2 -0.394 0.068 -0.470 0.107 
   

ND186 
Low relief upland, 
near hilltop  

08-30-082-20 3 3 -0.145 0.054 -0.177 0.054 39 
  

ND210 
Glaciolacustrine 
plain edge near high 
relief upland 

 2 2 -0.206 0.018 -0.243 0.015 
   

ND235 
High relief upland 
hilltop 

 1 1 0.071 
 

-0.273 
    

P2236 
Low relief upland, 
bear hilltop 

 3 3 -0.049 0.157 -0.183 0.150 <10 
  

RU01 
Glaciolacustrine 
bench above Peace 
River 

16-30-082-16 3 3 -0.025 0.331 -0.148 0.283 187 
  

RU02 
Glaciolacustrine 
bench above Peace 
River 

04-30-082-14 3 3 -0.319 0.113 -0.449 0.091 78 
  

RU03 
Low relief upland 
hilltop  

 1 1 -0.662 
 

-0.834 
 

<13 
  

RU04 
High relief upland 
hilltop 

 K07-27-080-
20 

1 1 -0.585 
 

-0.738 
 

6 
  

RU05 
Glaciolacustrine 
bench above Peace 
River 

06-11-083-18 1 1 -0.427 
 

-0.392 
 

156 
  

RU06 
Low relief upland 
hilltop  

 1 1 -0.427 
 

-0.491 
 

 
  

S001 
High relief upland, 
near hilltop 

B04-04-082-19 81 4 -0.876 0.102 -0.926 0.063 2 
  

S004 High relief upland A08-24-081-19 81 4 0.091 0.105 0.061 0.075 <18.4 
  

S005 
High relief upland, 
ridge crest 

 81 4 -0.190 0.181 -0.284 0.103 
   

S012 
Low relief upland, 
gentle slope 

11-24-081-18 80 4 -0.407 0.155 -0.300 0.119 48 SL19-20 289 

S013 
Low relief upland, 
steep hillside 

11-28-080-18 81 4 0.188 0.132 0.004 0.109 5* SL19-17 530 
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The earthquake dataset includes records from injection-induced seismic events9 within 

the Montney play, both within the project area and further to the northwest, as well as 

events to the southwest in the Rocky Mountain Foothills which are assumed to be mine 

blast events. The latter were included because mine blast events have been shown to 

have the same attenuation characteristics as injection-induced events in western 

Canada (Yenier, 2017). Two injection-induced events from the Fox Creek area in 

Alberta are also included, as are six from the area extending up to 60 km directly north 

of Fort St. John. 

There are 1 to 161 events per station. Of the 55 stations, 15 are represented by a single 

event and 36 have three or more records. Only 14 stations have more than 10 records. 

The stations belong to the following networks: the McGill University Dawson–Septimus 

Induced Seismicity Study network (MG01 to MG10, RU01-RU06; McGill University, 

2020), the Geological Survey of Canada–BC Oil and Gas Commission Induced 

Seismicity Study network (MONT1 to MONT9; Natural Resources Canada, 2020), the 

Canadian National Seismic Network (NBC4, NBC7; Natural Resources Canada, 2021), 

and several proprietary networks (see Babaie Mahani and Kao, 2018a). Most stations 

are believed to be posthole installations, but installation details are not generally 

available. Station locations are shown on Figure 25 and station data are listed in Table 

5, including the geological setting and estimated depth to bedrock. Depth to bedrock is 

definitively known at only one site where there are geotechnical boreholes. Elsewhere, 

estimates are made from cased hole gamma-ray logs, water wells, and collocated 

MASW profiles. Estimates from gamma-ray log data are most reliable where the station 

is located at a wellsite. However, in some cases where the bedrock depth is interpreted 

to be relatively uniform, the depth estimate is based on well data located up to a few 

hundred metres away. In many thin soil sites, only maximum depth to bedrock is known 

due to conductor pipe or other data limitations. Further station details are shown in 

Appendix 6, Table 2.   

Recorded ground motions were compared with those predicted by GMPEs of Holmgren 

et al. (2020; HAG2020; details provided by G.M. Atkinson, personal communication, 

2021) and Babaie Mahani and Kao (2018a; BM&K2018). The HAG2020 GMPE was 

developed for the Western Canada Sedimentary Basin. It takes into account the Moho 

reflection effect for hypocentral distances greater than 80 km (Yenier, 2018) and the 

non-linearity of the soil response for the strongest ground motions. However, calculated 

residuals (as described below) at the same station show a marked dependence on 

magnitude below MW 2.5, and so only events larger than MW 2.5 were included in 

calculations using this GMPE. A smaller magnitude dependence was observed for the 

remainder of this dataset, so residuals were also calculated for a narrower magnitude 

range, MW 2.5 to MW 2.99, for comparison. The results of both sets of calculations are 

shown in Appendix 6, Table 2, and are broadly similar. The Babaie Mahani and Kao 

                                                           
9
 The induced events are understood to include those caused by hydraulic fracturing as well as water disposal, but the specific 

mechanism for each earthquake is not available. 
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relationship was developed specifically for this area, but does not consider the Moho 

effect, and so use of this GMPE was restricted to hypocentral distances less than 75 

km, which largely restricted the usable part of the dataset for this GMPE to events within 

the Fort St. John-Dawson Creek area.  

The geometric means of both horizontal components of peak ground acceleration 

(PGA) and peak ground velocity (PGV) were determined for each record. These were 

divided by the ground motions predicted using the GMPEs in order to calculate the 

residuals, all in log 10 units. The usable datasets for each GMPE were further refined by 

excluding records where the residual was more than three standard deviations or a one 

log unit greater or less than the mean, on a station-by-station basis. Station statistics 

were then revised. The resulting mean residuals are interpreted as a first order 

approximation of the site amplification, recognizing that residuals include source, path 

and station installation effects. With all restrictions, the usable dataset for the HAG2020 

GMPE is reduced to 880 records from 220 events, and for the BM&K2018 GMPE to 807 

records for 161 events. All 55 stations are represented for HAG2020 but only 47 for 

BM&K2018. Consequently, the following discussion and Table 5 focus on HAG2020 

(M2.5-4.6), but results using BM&K2018 are shown in Appendix 6, Table 2 and Figures 

5, 7 and 9). Data from all sites are used for calculation of statistics for each geological 

setting or depth range, but only sites with three or more records are used where results 

by station are reported.  

The residuals for HAG2020 are relative to an average Western Canada Sedimentary 

Basin site condition, whereas for BM&K residuals are relative to the Site Class B-C 

boundary (VS30=760 m/s). The average WCSB condition for HAG2020 was chosen 

because residuals calculated using the Site Class B-C boundary produced largely 

negative residuals (ratio of observed to predicted is less than one), which is unrealistic 

for soil sites. This discrepancy may be in part due to the attenuation of short period 

ground motions (0.05 to 0.33 s, or 3 to 20 Hz) in posthole installations (Holmgren et al., 

2020; G.M Atkinson, personal communication, 2021). Consequently, residuals 

calculated by the two methods are not directly comparable.  

The mean PGA and PGV residuals for all sites, grouped by geologic setting, are shown 

in Figure 26, along with means and standard deviations of residuals for each setting. 

Although there is a high degree of overlap, the PGA and PGV residuals in the high relief 

uplands are less than in the low relief uplands and glaciolacustrine areas, where the 

mean residuals are broadly similar. Because soil thicknesses are generally less in the 

high relief uplands, some depth to bedrock control is indicated. However, residuals do 

not appear to be simply related to site class, because the low relief uplands include both 

Site Classes C and D, whereas most glaciolacustrine sites are in Site Class D. 

The depth to bedrock vs mean PGA and PGV residuals for all stations with three or 

more records, coded by geological setting, are shown in Figure 27, and the mean 

residuals for specific depth ranges, plus and minus one standard deviation,  
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Figure 26. Mean PGA and PGV mean residuals with standard deviations for each site and grouped 

according to geological setting, calculated by HAG2020. The “by station” means and standard deviations 

only consider those stations with more than three records. 

 

Figure 27. Depth to bedrock vs mean PGA and PGV residuals, by geological setting. Note that some 

depth to bedrock values are maximum values based on the nearest gamma-ray log; calculated by 

HAG2020. Only those stations with three or more records are shown. 
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are shown in Figure 28 and summarized in Table 6. The PGA and PGV residuals are 

broadly similar across a broad range of bedrock depths, diminishing only for stations in 

the 0 to 7.5 m depth range, due primarily to stations in the high relief uplands. The 

apparent PGA peak for the >120 m interval is skewed by data from one station with 20 

records (MONT6). 

The mean residuals are greater by factors of 1.4 to 2.8 (0.15 to 0.44 log10 units) where 

depth to bedrock is greater than 7.5 m compared to where bedrock is shallower. In 

detail, the mean PGA residuals for the 7 to 15 m and the greater than 15 m depth 

ranges, which are generally in Site Class C and Site Class D, respectively, are greater 

than those of the 0 to 7.5 m depth range by factors of 1.37 and 1.67; the corresponding 

PGV residuals are greater than those of the 0 to 7.5 m depth range by factors of 1.89 

and 2.33. These apparent amplification factors are broadly consistent with the mean 

broadband amplification factors relative to the Site Class B-C boundary determined by 

Seyhan and Stewart (2014; Appendix 6, Table 5 of this report)10. However, there is a 

great deal of overlap in the range of residuals between the 7.5 to 15 m and greater than 

15 m depth ranges, and the differences may not be significant. Furthermore, the 

corresponding apparent amplification factors calculated by BM&K2018, using a different 

subset of the dataset, are 2.86 and 2.03 for PGA and 3.07 and 2.59 for PGV—the 

factors are greater in the 7.5 to 15 m depth range than the greater than 15 m depth 

range. These results are summarized in Table 7. Consequently, residuals, and by 

implication amplification, do not appear to be simply related to site class. The latter is 

further demonstrated in Figure 29, where VS30 is plotted against PGA and PGV 

residuals for all stations where VS data were obtained. Residuals do not significantly 

vary over a VS30 range from 204 to 530 m/s. However, lower residuals are likely to occur 

at higher VS30 sites where soils are very thin (<5 m), as suggested by the low mean 

residuals for the high relief uplands. These results indicate other amplification 

mechanisms are significant, most likely including resonance.   

                                                           
10

 A table of amplification factors relative to the Site Class B-C boundary calculated from Seyhan and Stewart (2014) is included in Appendix 6, 

Table 5. The figures and table comparable to Figures 26 to 28 and Table 6, but using the BM&K2018 GMPE are included in Appendix 6 
(Appendix 6, Figures 5, 7 and 9, and Table 4).  
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Figure 28. Depth to bedrock vs mean PGA and PGV residuals, by depth range, calculated by HAG2020. 

Data from all 55 stations are included in this plot. 

Table 6. Residuals calculated by HAG2020 for depth to bedrock ranges at seismic stations. 

  All Data By Station (stations with 3+ records) 

Depth 
range (m) 

n 
Mean 
PGA 
log10 

Standard 
Deviation 
PGA log10 

Mean 
PGV 
log10 

Standard 
Deviation 
PGV log10 

n 
Mean 
PGA 
log10 

Standard 
Deviation 
PGA log10 

Mean 
PGV 
log10 

Standard 
Deviation 
PGV log10 

0-7.5 13 -0.35 0.45 -0.49 0.39 3 -0.31 0.53 -0.46 0.46 

7.5-15 117 -0.22 0.36 -0.22 0.28 5 -0.11 0.16 -0.18 0.13 

15-30 249 -0.12 0.33 -0.09 0.30 9 -0.08 0.18 -0.14 0.18 

30-60 174 -0.17 0.34 -0.20 0.23 7 -0.13 0.20 -0.19 0.08 

60-120 126 -0.14 0.34 -0.08 0.29 5 -0.11 0.13 -0.12 0.13 

>120 26 0.09 0.33 -0.13 0.23 2 0.06 0.13 -0.12 0.03 

All >15 575 -0.13 0.34 -0.12 0.28 23 -0.09 0.17 -0.15 0.13 
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Table 7. Mean apparent amplification factors (ratios of residuals) in the 0 to 7.5 m and >15 m depth to 

bedrock ranges, relative to the 0 to 7.5 m depth range. Note that those calculated by HAG2020 are 

broadly consistent with the amplification factors of Seyhan and Stewart (2014), but those calculated by 

BM&K2018 are not.  

  
HAG2020 BM&K2018 

depth range 
(m) 

Site 
Class 

PGA PGV PGA PGV 

7.5-15 C 1.37 1.89 2.86 3.07 

>15 D 1.67 2.33 2.03 2.59 

 

Figure 29. VS30 vs mean residual plus and minus one standard deviation at seismic station, calculated by 

HAG2020. Note that VS30 determination for each station is from closest geophone to station. At least for 

the sites investigated in this study, VS30 exerts little control over amplification. The station where standard 

deviation is not reported is represented by only one record.  
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Resonance was suspected to be significant factor in amplification and has been 

investigated further, because local residents have suggested that the effects of 

earthquakes are felt more strongly on hilltops rather than valley bottoms, inversely 

related to soil thickness. Two approaches were taken to investigate resonance: by 

comparing the recorded pseudospectral accelerations with those predicted by HAG2020 

over a range of periods of ground motion from 0.02 to 5.26 s (0.19 to 50 Hz), and by 

determining the horizontal-to-vertical spectral ratios (HVSR) over the same period 

range. In both cases, the geometric means of both horizontal components of ground 

motion are used to represent the horizontal ground motions. For each station, means of 

residuals and HVSR were determined for each period represented. Only data included 

in the parts of the database provided by Babaie Mahani (personal communication, 

2020) and in the Babaie Mahani et al., (2019) data for the November 2018 events had 

sufficient spectral data to be used for these calculations. Significant HVSR peaks are 

defined following the criteria in Farrugia et al. (2018): peak greater than 0.3, 0.2 greater 

than the average HVSR across all periods, in log10 units, and less than 2 s. The peak 

HVSRs and periods at which they occur are shown in Appendix 6, Table 2.  

The mean pseudospectral residuals by HAG2020 for the 14 stations with more than 10 

records are shown in Figure 30, and show a marked decrease in the range between 

~0.07 and 0.4 s (2.5 to 14 Hz), centred around 0.2 s (5 Hz). This decrease is consistent 

with the attenuation of short period (high frequency) ground motions demonstrated by 

Holmgren et al. (2020) for posthole installations (0.05 to 0.33 s or 3 to 20 Hz). The 

dominant ground motions for the events reported in the database used in this study are 

within this period range (Figure 31), so that the ground motions recorded in the dataset 

used here may not fully describe the level of ground motions experienced. However, the 

horizontal-to-vertical spectral ratios (HVSR) are unaffected, and so would appear to be 

better suited to assessing spectral amplification and resonance (Figure 32). 
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Figure 30. Period of ground motions from 0.02 to 5.26 s (0.19 to 50 Hz) vs residuals for the 14 stations 

with more than 10 records. Calculated by HAG2020. Note marked decrease in residuals between 0.07 

and 0.4 s. Note the marked attenuation of short period (0.07 and 0.4 s; 2.5 to 14 Hz) ground motions. 

 

Figure 31. Pseudospectral acceleration spectra for the MW 2.9 December 7, 2018 and MW 4.0 November 

30, 2018 events (events 27536 and 27411 in Appendix 6, Table 1, respectively) at 4 representative 

stations. Note that the dominant ground motions are within the period range that is attenuated according 

to Holmgren et al. (2020) in posthole installations (0.05-0.3 s, or 3 to 20 Hz), and is diminished in Figure 

30. The dominant ground motion will include longer period energy in larger events than shown here.  
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Figure 32. Horizontal-to-vertical spectral ratios (HVSR) for the 14 stations with more than 10 records 

(same stations as in Figure 30). Note the HVSRs do not appear to be affected by the attenuation of short 

period ground motion shown in Figure 30. 

HVSR peak period (site period), which represents the period of amplification due to 

resonance, is shown plotted against depth to bedrock in Figure 33. For most stations, 

the inferred VS of the resonating interval based on the estimated depth to bedrock is 

consistent with the range of soil VS in the Fort St. John-Dawson Creek area. Points that 

lie outside of these VS lines are not only due to uncertainties in the depth to bedrock 

estimates. For points plotting below the 150 m/s line, the resonating interval may extend 

to a surface within bedrock, such as the base of weathered interval or the top of a 

prominent sandstone bed. For those points plotting above the 450 m/s line, resonance 

could be due to reflection off a surface within the Quaternary section. In particular, the 

two points at ~0.2 s and 68 and 78 m are stations MONT2 and MG04, respectively. 

Both have bimodal HVSR spectra with lesser peaks at 1.38 s, which would shift these 

points well into the VS range expected for soils in the area.  

The maximum HVSR, which represents the amplification at the site period, is shown 

plotted against the site period in Figure 34, and shows that spectral amplification is 

generally between 3 and 6 (0.5 and 0.8 log10 units), but extends higher at shorter 

periods. Both this and Figure 33 indicate that, while resonant amplification occurs in all 

geological settings, amplification of dominant periods of ground motion (0.05 to 0.3 s) 

due to resonance occurs primarily in the upland settings, where the natural site periods 

are in the same period range due to the shallower depths to bedrock. This period range 

is typical of one to two storey buildings (0.1 to 0.2 s; e.g., Rogers et al., 1998), which 

are representative of most occupied buildings in the region.  
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Figure 33. Peak period (site period) from horizontal-to-vertical spectral ratios (HVSR) vs depth to 

bedrock. Only stations with three or more records are shown. Diagonal lines represent the average VS for 

the resonating interval for those time-depth combinations along the line. Note that most sites lie between 

the 150 and 450 m/s lines which bracket the most common VS range for soils in the Fort St. John-Dawson 

Creek area. Points lying outside this range are due to uncertainties in the depth to bedrock estimates, 

resonance from surfaces either within bedrock or within the Quaternary section.  

  

Figure 34. Peak period (site period) from horizontal-to-vertical spectral ratios (HVSR) vs maximum 

HSVR, which represents spectral amplification.  
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The relative effect of resonant amplification on PGA and PGV on thinner soil sites 

compared to broadband amplification on thicker soil sites would appear to be similar, 

based on the similar residuals in the low relief uplands (Site Class C and D) and the 

glaciolacustrine setting (mainly Site Class D). However, resonance can locally be 

significant. Some of the highest ground motions and residuals in the earthquake 

dataset, including the highest PGA values, are from three MW 2.8 to MW 2.9 events 

recorded at station A1125. This was not the closest station to these events, but it has a 

strong resonant peak at 0.1 s (Babaie Mahani and Kao., 2018b). Additional evidence for 

the relative importance of resonance comes from the comparisons using the BM&K2018 

GMPE, which included lower magnitude events than HAG2020. As noted above, the 

mean PGA and PGV residuals for the 7.5 to 15 m depth to bedrock range are higher 

than for the greater than 15 m depth range (Table 7). This is further illustrated by 

Figures 7 and 9 in Appendix 6, which show high residuals for two sites in the 10 to 15 m 

depth range, and for the 7.5 to 15 m and the 15 to 30 m depth to bedrock ranges.  
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SUSCEPTIBILITY TO RESONANCE 

 

 

 

The susceptibility to resonance has been investigated by estimating the impedance 

ratios and associated periods at stratigraphic contacts in the VS data sites used for this 

project. The density data for these estimates are summarized in Table 8, and were 

derived from density logs in Hickin et al. (2016a) and Mykula (2017), and unit weights in 

geotechnical reports obtained for this study.  

Table 8. Density estimates used for impedance ratio estimates 

Unit Density kg/m
3
 

Glaciolacustrine 1750 

Till 2000 

Weathered bedrock 2200 

Bedrock 2400 

 

 

Figure 35 shows a plot of the variation of impedance ratio with depth at the contacts of 

glaciolacustrine silts and clays with till and of till with bedrock, based on the average 

increase of VS with depth for the unconsolidated units shown in Figure 20. This plot 

shows that strong impedance contrasts can potentially occur at shallow depths in 

upland settings, particularly at the till-bedrock contact, and within the period range of the 

dominant ground motions (0.05 to 0.3 s). However, this is an idealized plot which uses 

average values and does not take the effect of weathered bedrock into account. 

Impedance ratios were estimated at the principal stratigraphic contacts in the borehole 

VS logs obtained for this project and those used by Monahan et al. (2019) in the study 

area. These estimates are plotted against the resonant period from surface, grouped by 

geological setting in Figure 36. In the low relief uplands, impedance ratios are higher 

than in the glaciolacustrine setting, and occur preferentially within the dominant periods 

of ground motions. The high impedance ratios occur at the bedrock contact, the base of 

weathered bedrock, and in one case at the base of glaciolacustrine clay where it 

overlies till. Details of these impedance ratios are tabulated in Appendix 7.    
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v  

Figure 35. Variation of impedance ratio with depth at the contacts of glaciolacustrine silts and clays with till 

and of till with unweathered bedrock, based on the average increase of VS with depth shown in Figure 20. 

 

Figure 36. Impedance ratio vs resonant period from surface in boreholes in study area obtained for this 

study and that by Monahan et al. (2019). Note that high impedance ratios within the dominant period of 

ground motions occur preferentially in the low relief uplands. Details are provided in Appendix 7. 
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Impedance ratios are not as readily resolvable on MASW data, which smooths the VS 

profile over sharp contacts. However, some interpretations can be made. In most cases, 

a low velocity layer can be identified, underlain by an interval of downward increasing 

VS (see profiles in Appendix 5). Apparent impedance ratios were calculated based on 

the time-averaged VS of the low velocity layer and the underlying interval of increasing 

velocity, density data in Table 8, and the interpretation of the geological profile (Figure 

37).  

 

 

 

Figure 37. Depth verses VS traces from MASW SL19-1 (left) and MASW SL19-13 (right), showing 

identification of a low velocity layer to estimate an apparent impedance ratio with the underlying layer. 

MASW SL19-1 is on a glaciolacustrine minor valley bottom, collocated with seismograph station MONT1, 

whereas MASW SL19-13 is on a low relief upland hilltop, 1.5 km away. Although the glaciolacustrine site 

has a lower VS30, residents report greater intensity of ground motions on the hilltop site. Note that the 

hilltop site has an apparent strong impedance ratio at 0.11 s, within the range of dominant ground 

motions. 
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The apparent impedance ratios determined are tabulated in Appendix 7, and plotted 

against the resonant period from surface by geological setting in Figure 38. In this case, 

sites with high impedance ratios in the period range of the dominant ground motions 

occur in both the low relief uplands and glaciolacustrine settings. However, the MASW 

data suggests that bedrock is shallow at the two glaciolacustrine sites with high 

impedance ratios (SL-2, SL19-19, 15 to 17 m), unlike most glaciolacustrine sites. Most 

apparent impedance ratios at the glaciolacustrine sites are lower than those in upland 

sites, as would be expected from Figure 36. 

 

Figure 38. Apparent impedance ratio vs resonant period from surface MASW in study area obtained for 

this study and that by Monahan et al. (2019). High impedance ratios within the dominant period of ground 

motions occur in both the low relief upland and glaciolacustrine sites. Details are provided in Appendix 7. 

The two sites shown in Figure 37 bear further discussion. One is located in a 

glaciolacustrine minor valley bottom, and is collocated with seismograph station 

MONT1. The other is on a nearby hilltop 1.5 km away. In spite of the lower VS30 at the 

glaciolacustrine site, residents report that the effects of ground shaking are greater at 

the hilltop site. The presence of a strong apparent impedance ratio at 0.11 s 

demonstrates the potential for resonant amplification at the hilltop site. 
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A similar comparison between MASW data at a glaciolacustrine site and a low relief 

upland site is shown in Figure 39. The impedance ratio at the low relief upland site is 

significantly greater than at the glaciolacustrine site, within the period range of the 

dominant ground motions. MASW data at a site on a glaciofluvial terrace is shown on 

Figure 40, again showing a strong impedance contrast at shallow depth (17 m), 

although in this case, the site period is just beyond the range of dominant ground 

motions. 

  

Figure 39. Depth vs VS traces from MASW SL19-8 (left) and MASW SL19-16 (right). MASW SL19-8 is on 

a glaciolacustrine plain, co-located with seismograph station MG02, whereas MASW SL19-16 is on a low 

relief upland hilltop. Like the comparisons shown in Figure 35, the low relief upland site has significantly 

higher impedance contrast at within the dominant period of ground motions (<0.3 s) than the 

glaciolacustrine site, and so greater potential for amplification by resonance. Note that the low relief 

upland site has a higher VS30 than the glaciolacustrine site. Note that the horizontal scale is different on 

the two plots.  
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Figure 40. Depth vs VS traces from MASW SL19-12, located on the proximal (landward) side of a 

glaciofluvial terrace above the Pine River on a low colluvial fan. A sharp impedance contrast is present at 

the base of the shallow velocity. The site period is just beyond the period range of dominant ground 

motions. Residents have reported feeling multiple small events, as low as ML 0.8. Although 30 m of gravel 

is present on the distal (outer), or river side of the terrace, the VS shown here is more like that of a clay or 

silt, and likely represents colluvial or abandoned channel fill deposits. 

 

 

  

74



Geoscience BC Report  2022-05 

These data demonstrate that the potential for resonance is significantly greater and 

occurs within the period range of the dominant ground motions where the bedrock is 

relatively shallow, generally less than 15 m, but possibly extending slightly deeper 

(Figure 35; Appendix 6, Figures 7 and 9). Such areas occur in much of the low and high 

relief upland, glaciofluvial, and modern alluvial settings, whereas bedrock is usually 

deeper in most of the glaciolacustrine valleys and benches. This conclusion is 

unsurprising, as greater impedance contrasts would be expected where bedrock is 

shallow and the layer-to-layer increase of VS with depth occurs over shorter distances 

than where bedrock is deep.  

Resonance has been interpreted to be significant in other parts of the Montney Play. 

The only undisputed instance of damage due to induced seismicity occurred in the 

Sikanni Chief area due to the August 2015 MW 4.6 event. A small shed was knocked off 

its foundations at a site on the edge of the glaciolacustrine map unit, where soil 

thickness is interpreted to be thin (Monahan et al., 2019). 

The importance of resonant amplification has also been demonstrated in other induced 

seismicity studies. Amplifications of induced events at the Groningen gas field in the 

Netherlands is greatest where Holocene deposits are thin (<~20 m), less so where they 

are thick, and the least where the Holocene is absent (van Ginkel et al., 2019) 

Although the potential for resonant amplification can be demonstrated, the possibility of 

topographic amplification cannot be excluded for hilltop sites. The concerns expressed 

by several residents regarding vibrations during oil and gas drilling operations may be 

an example of this. Briar Ridge is a steep narrow ridge in the high relief uplands east of 

Dawson Creek. 
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EARTHQUAKE SOUNDS 

 

 

 

Noise caused by earthquakes has been a common complaint of residents, and includes 

both the noise caused by the shaking of buildings and objects within them, and the 

noise caused by the earthquake itself. The latter is caused by sound waves generated 

by the P-waves, and so precede the shaking that marks the arrival of shear-waves (Hill 

et al., 1976). People commonly describe this as “you can hear it coming.” Earthquake 

sounds occur at the lower frequency end of sounds that are audible to humans, so that 

only the highest frequency seismic waves contribute to audible sound. Sounds are a 

particularly noticeable aspect of the effects of low magnitude earthquakes (<ML 4) 

perceived by casual observers, because of the high frequency content of these events; 

and for those in range of ML 1 to ML 2, sounds may be the only effects observed (Tosi et 

al., 2012). 

Earthquake sounds are likely to be heard more often where bedrock is shallow. 

Elsewhere, thicker soil columns would preferentially absorb the higher P-wave 

frequencies, so that the resulting air waves would be inaudible. This effect has been 

observed in Italy, where earthquake sounds for the L’Aquila sequence of earthquakes 

were reported less commonly in the Tiber River alluvial settings than adjacent areas 

(Sbarra, 2012).    

As noted above, earthquake sounds have been commonly reported on hilltop and other 

shallow soil sites settings in the Fort St. John-Dawson Creek area, and contributing to 

the disturbance of residents. As noted above, such sites are also susceptible to 

resonant amplification of ground motions.  
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MAPPING THE SUSCEPTIBILITY TO AMPLIFICATION 

(Map 4) 

 

 

 

The depth to bedrock mapping (Map 3) provides the basis for mapping the susceptibility 

to amplification. The 15 m depth to bedrock contour approximates the Site Class C-D 

boundary in much of the project area (Figure 23, Appendix 5, Figure 1). Sites with 

thicker sediment are generally in Site Class D and susceptible to moderate broadband 

amplification. Consistent with this, PGA and PGV residuals at seismic stations where 

bedrock is deeper than 15 m suggest amplification by factors of 1.7 and 2.3, 

respectively, relative to the thinnest soil sites in the high relief uplands. However, the 

sample size for the latter is small and the attenuation of short period energy in posthole 

installations may distort the residual calculations. Furthermore, there is significant 

variability in the VS30 to depth to bedrock relationship, such that three of the twelve VS 

sites in the 15 to 30 m depth to bedrock interval are in Site Class C rather than D 

(Figure 23, Appendix 5, Figure 1).    

Where sediment thickness is less than 15 m, sites could be in either Site Class B or C, 

with an approximate boundary at a depth to bedrock between 3 and 5 m (Figure 23, 

Appendix 5, Figure 1). Due to data limitations, contours less than 15 m could not be 

confidently mapped in the area, and it may be that, at the current scale of mapping 

(1:100,000), it may not be possible. Depth to bedrock can vary by more than 10 m 

across most large industrial sites in upland settings.  

Where bedrock is shallower than 15 m in the high relief uplands, bedrock outcrops are 

common in most areas consisting of Dunvegan or Cardium sandstone and shale. 

Boreholes that encountered bedrock at depths less than 5 m are common. At three 

large industrial sites, 30% to 45% of the geotechnical boreholes encountered less than 

5 m of soil over bedrock. These observations combined with the relatively lower PGA 

and PGV residuals in the high relief uplands suggest that Site Class B is widespread, 

and that areas in this setting where depth to bedrock is less than 15 m could be either 

Site Class B or C.  

Where bedrock is shallower than 15 m in the low relief uplands, eight of the eleven VS 

sites are in Site Class C (Figures 22 and 23). One is in Site Class B, one is at the Site 

Class C-D boundary and one is in Site Class D. Site Class B does not appear to be 

widespread in these areas. Bedrock outcrops and boreholes with less than 5 m of soil 

over bedrock are much less common than in the high relief uplands. At seven large 

industrial sites, boreholes that encountered bedrock shallower than 5 m occur at only 

three sites, where they constitute 20% to 30% of the boreholes. Bedrock in most areas 

consists of either the Shaftesbury or the Kaskapau Formation, both or which are 

predominantly shale. Shale has a lower VS and is more prone to weathering than 
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sandstone. Furthermore, the local presence of low VS till overlying low VS weathered 

bedrock can shift a site with as little as 2.5 m of till over bedrock into Site Class C (e.g., 

EERI-8), and the Site Class C-D boundary to a depth of bedrock threshold of 6 m. 

Three additional sites where low VS till and weathered bedrock are known or inferred 

are in Site Class D, or at or near the Site Class C-D boundary (EERI-7, MASW SL19-4 

& 13). Consequently, Site Class D may be widespread where depth to bedrock is less 

than 15 m in parts of the low relief uplands. The four sites with low VS till and weathered 

bedrock are all in the eastern low relief uplands between Townships 79 and 80 and 

Ranges 15 and 19. Areas where these lithologies occur or may occur cannot be 

mapped with the data available, so that these four sites are highlighted on Map 4 to 

show that Site Class D may locally be present. 

For the geological settings where VS data are sparse, use of the 15 m depth to bedrock 

threshold to approximate the Site Class C-D boundary is appropriate with the limited 

depth to bedrock and VS data available. These areas are the glaciofluvial terraces and 

superimposed Holocene alluvial fans, modern alluvium, and colluvial slopes and 

landslide deposits. Additional VS data could change this interpretation, possibly shifting 

the Site Class C-D depth to bedrock threshold deeper for the glaciofluvial terraces and 

shallower for the superimposed Holocene fans. 

In addition to broadband amplification, the potential for resonant amplification is present 

where strong impedance contrasts occur within the period range of the dominant ground 

motions, which are between 0.05 to 0.3 s for the induced events recorded in the project 

area. The longer periods of spectral acceleration in this period range occur only in the 

larger events, but can generate higher velocities due to their longer duration. However, 

periods around 0.1 s, which approximates the period of a one-storey building (e.g., 

Rogers et al., 1998), are within the period range of the dominant ground motions for all 

events used. Areas most susceptible to resonance are those where depth to bedrock is 

15 m or less. A depth to bedrock of 5 m is associated with a site period of 0.1 s at some 

VS sites, so that areas mapped as primarily Site Class C approximate those most 

susceptible to resonance. Events larger than those recorded to date could cause 

resonance at periods longer than 0.3 s at depths to bedrock greater than 15 m. 

Amplification of specific periods of ground motion is generally between factors of 3 and 

6.  

Based on this discussion, the following amplification susceptibilities are proposed for the 

project area (Map 4; Figure 41). 

 Depth to bedrock >30 m, Site Class D. Moderate susceptibility to broadband 

amplification, and locally low to moderate susceptibility to resonant amplification 

where impedance contrasts occur within the Quaternary section in the period 

range of the dominant ground motions. 
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Figure 41. Site Class and susceptibility to amplification of seismic ground motions, simplified from 

Map 4. Coordinates are UTM Zone 10N, NAD 83.  
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 Depth to bedrock 15 to 30 m, mainly Site Class D, but includes significant areas 

of Site Class C (~25%). Moderate to low susceptibility to broadband 

amplification, and locally moderate to high susceptibility to resonant amplification 

where impedance contrasts occur either within or at the base of the Quaternary 

section in the period range of the dominant ground motions, particularly at the 

lower end of this depth to bedrock range (up to 20 m). 

 Depth to bedrock 0 to 15 m, high relief uplands, mainly Site Class B and C, very 

low to low susceptibility to broadband amplification, and locally low to moderate 

susceptibility to resonant amplification where depth to bedrock exceeds 5 m. 

 Depth to bedrock 0 to 15 m, for all other settings, mainly Site Class C, low 

susceptibility to broadband amplification, moderate to high susceptibility to 

resonant amplification. Locally in the low relief uplands, areas with low VS till and 

weathered shale intervals occur, and where depth to bedrock exceeds 6 m are in 

Site Class D and susceptible to moderate broadband amplification. These areas 

cannot be mapped with confidence, but sites where these conditions occur are 

highlighted on the map. 

There are several areas of uncertainty in these conclusions. The depths to bedrock 

estimated from cased hole gamma-ray logs are interpretive, and the confidence in the 

picks varies with the consistency of the bedrock strata and the quality of each log. 

Furthermore, in many wells where depth to bedrock is shallow (~<15 m), only the 

maximum depth can be determined due to the presence of conductor pipe or the 

absence of shallow data. In many water wells logs, weathered bedrock is simply 

identified as clay, and many wells are mislocated. Although a number of well logs were 

reinterpreted and well locations corrected for this project (Appendix 4), a systematic re-

evaluation of the water well logs was not undertaken. The depth to bedrock contours 

themselves are both approximate and interpretive, particularly where the subsurface 

borehole data density is less than the scale of topographic features that are controlled 

by bedrock topography used to guide mapping. Contours will inevitably change with the 

addition of new subsurface data. The MASW profiles are also interpretive, requiring 

some prior knowledge of the soils penetrated, including Poisson’s ratio and density, so 

that a range of VS estimates can result (Phillips and Sol, 2012). This potential variability 

has not been addressed. Finally, the variability in the of VS30 with depth to bedrock and 

within each stratigraphic unit has not been fully integrated into the mapping. In the Red 

Deer region of Alberta, Yusifbayov et al. (2021) adopted a statistical approach based on 

the variation of VS within each stratigraphic unit to produce maps showing the 10th, 50th 

and 90th percentile of the VS30. Such an approach would probably be premature here 

without additional VS30 and depth to bedrock data, as well as better knowledge of the 

stratigraphy of the thick Quaternary sections overlying bedrock. 
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More data are required to address the following information gaps: 

 VS and sediment thickness relationships in the glaciofluvial terraces and 

superimposed Holocene alluvial fans, modern alluvium, and colluvial slopes and 

landslide deposits. 

 The distribution of high VS till, such as in EERI-12, where depth to bedrock is 19 

m and VS30 is 500 m/s (Figure 23, Appendix 5, Figure 1) - are there other areas 

where high VS till occurs, and can such areas be mapped? A potential site occurs 

at a gravel pit in Section 29-81-16W6 where cobble-rich till (Cordilleran?) overlies 

glaciofluvial gravel.  

 The distribution of low VS till and weathered bedrock, as seen in EERI-7 and 8, 

where the Site Class C-D boundary may occur as shallow as 6 m - can areas 

where these conditions occur, or are likely to occur, be mapped? Are such areas 

only present in the eastern low relief uplands, or are they more widespread?   
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SUMMARY AND CONCLUSIONS 

 

 

 

The principal objectives of this study were to investigate and map the susceptibility to 

amplification of seismic ground motion due to shallow geological conditions in the Fort 

St. John-Dawson Creek area, where induced seismic events up to MW 4.6 have been 

triggered by ongoing oil and gas development. To do this required revising the surficial 

geological mapping, collecting additional subsurface geological data to prepare a map 

more representative of shallow subsurface conditions, and acquiring of new VS data to 

revise the VS model for the shallow geological units. 

The principal surficial geological units have distinct topographic and geomorphic 

expression, so the existing surficial geological mapping was revised by using high 

resolution digital topographic mapping that was unavailable to the original authors 

(Maps 1 and 2). The new topographic data and field observations permitted subdivision 

of the upland areas away from major river valleys into high relief uplands, where till 

thicknesses are generally a few metres, and low relief uplands where thicknesses of till 

and other Quaternary sediments over bedrock are more variable and can reach 50 m. 

Benches and plains adjacent to major river valleys and the floors of minor valleys are 

underlain by glaciolacustrine silt and clay. In the glaciolacustrine benches adjacent to 

the major rivers, the total thickness of Quaternary sediment is commonly greater than 

100 m and can locally exceed 200 m. Glaciofluvial terraces are incised into the walls of 

major river valleys; and modern alluvium is present in the major valley floors.  

A subsurface geological database comprising 1323 petroleum industry cased hole 

gamma-ray logs, 1533 water well logs and 1955 geotechnical and scientific boreholes 

was assembled and used to prepare a Depth to Bedrock Contour Map (Map 3). New VS 

data comprising 7 VSP logs in existing boreholes and 21 MASW tests were acquired. 

These data were supplemented by VS data at 26 additional sites and used to update a 

VS model for the study area shallow geological units that was prepared for a previous 

study. These data demonstrate that areas with thicknesses of Quaternary sediment 

over bedrock greater than 15 m are generally in Site Class D (180 m/s<VS30<360 m/s), 

and that most areas with thinner sediment are in Site Class C (360 m/s<VS30<760 m/s). 

Site Class B (760 m/s<VS30<1500 m/s) is represented by only one site, but may occur 

where the sediment thickness is less than 3 to 5 m. Locally however, where bedrock is 

extensively weathered, sites with less than 3 m of sediment may still be in Site Class C.  

Local residents were interviewed about their experience with induced events. Their 

comments varied, but a common perception is that hilltop and hillside sites experienced 

greater effects than those in valleys. In addition to shaking, noise was a common 

concern. 
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The subsurface geological and VS data were compared to earthquake ground motions 

recorded at 55 seismic stations in the study area to investigate the potential for ground 

motion amplification. Attenuation of ground motions in posthole installations, in the 

period range from 0.05 to 0.3 s, which is in the range of the dominant ground motions, 

does qualify these comparisons somewhat. Relative to the thinnest sediment sites, 

which are interpreted to represent Site Class B, ground motions at Site Class D sites 

experienced apparent PGA and PGV amplification factors of 1.7 to 2.3, respectively. 

This is consistent with anticipated broadband amplification for this site class. However, 

similar amplification levels are observed for Site Class C sites. Horizontal-to-vertical 

spectral ratios (HVSR) and estimation of impedance ratios at stratigraphic contacts 

demonstrate that where the depth to bedrock is between 5 to 15 m, strong impedance 

contrasts occur within the period range of the dominant earthquake ground motions. 

Such areas are susceptible to significant resonant amplification, and may experience 

higher ground motions than sites with thicker sediment over bedrock. Strong impedance 

contrasts are more likely to occur in 5 to 15 m depth to bedrock range, because the 

downward layer to layer increase in VS occurs over a shorter vertical distance that at 

thicker soil sites.  

These conclusions are represented on Map 4, and summarized as follows. Areas with 

more than 15 m of sediment over bedrock are usually in Site Class D, and susceptible 

to moderate levels of broadband amplification. These areas include almost all of the 

glaciolacustrine setting as well as parts of the uplands, glaciofluvial terraces and steep 

slopes. Areas where depth to bedrock is less than 15 m in the high relief uplands are 

interpreted to include significant areas of Site Class B as well as Site Class C, and are 

susceptible to very low to low levels of broadband amplification, and locally to resonant 

amplification. Areas where depth to bedrock is less than 15 m in other settings are 

generally in Site Class C, susceptible to low broadband amplification, but moderate to 

high resonant amplification. The highest levels of ground shaking may occur in these 

areas. These conclusions are consistent with the common perception that the effects of 

earthquakes may be greatest in hilly settings. 

Earthquake sounds are one of the more disturbing aspects of induced seismicity in this 

area, and may also be more likely experienced at hilltop and other thin soil sites.  
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RECOMMENDATIONS FOR ADDITIONAL WORK 

 

 

 

 Map the bedrock geology using the gamma-ray log data used for this study 

(including that in Monahan et al., 2019). This work would represent a marked 

improvement over existing bedrock mapping, which was done without benefit of 

these data (Irish, 1958; Stott, 1982; McMechan, 1994). Application of the 

allostratigraphic framework of Plint (2000) and definition of the sandy members of 

the Kaskapau Formation would be very useful in providing a better understanding 

of the bedrock lithologies, their susceptibility to weathering, and impact on 

amplification. 

 In future subsurface studies, use the neutron log data behind surface casing in 

addition to the gamma-ray log data. Weathered bedrock appears to retain its 

gamma-ray expression as suggested in Figure 42 (see also Monahan et al., 

2019, Figure 10b). In this figure, the neutron log shows a character change that 

is 11 m below the top of bedrock and is interpreted as the base of the weathered 

bedrock interval. The higher porosity of the interval is interpreted to reflect higher 

water content due to weathering. Use of the neutron  log data may provide 

additional insights into the distribution and properties of weathered bedrock. 

 Acquire additional geotechnical borehole data. Several large industrial 

organizations were unable to provide geotechnical data at the time of this project, 

but may be able to contribute data in the future. In addition, the BC Ministry of 

Transportation and Infrastructure, which was able to provide considerable digital 

data, did not have the resources to provide access to older paper files in their 

Prince George office, and these will likely be available in the future.  

 Systematically review the water well logs in GWELLS, to reinterpret wells that 

have identified weathered bedrock as clay, and correct mislocated wells. Street 

addresses provide a useful check on location.  

 Acquire shot hole logs from petroleum industry reflection seismic surveys. These 

data were not accessed for this project because of time limitations, but potentially 

provide a large volume of useful depth to bedrock data. Because of the potential 

volume of data, acquisition of these data would be best suited to investigations of 

smaller areas. 

 Obtain additional VS data in order to test the interpretations presented here and 

further investigate ground motion amplification. New VS data should be acquired 

at most seismograph stations, particularly those with publicly available data - and 

in settings which are not, or are poorly represented in the existing VS dataset, 
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Figure 42. Gamma-ray and neutron logs in 14-04-080-16W6 well, at seismic station MG03 and 

MASW SL19-06. Note that the character change on the gamma-ray log reflecting the top of bedrock 

is 11 m shallower than the character change on the neutron log, which is interpreted to mark the base 

of the weathered bedrock interval. The gamma-ray log is lower and has a less serrate character in the 

Quaternary section than in bedrock. Note that ground elevation is 6.5 below KB, zero point for the log, 

so that the depth to bedrock from surface is 39.5 m.  
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such as the high relief uplands, glaciofluvial terraces and superimposed 

Holocene alluvial fans, modern alluvium, colluvial slope and landslide deposits. 

This will provide a better data grid. Non-invasive techniques are appropriate for 

sensitive sites such as wellsites, residences and other developed lands. MASW 

has worked well. Another useful technique is the analysis of microtremors from 

ambient noise, which can be used to provide an estimate of site period in a single 

station approach, or a VS profile when deployed in an array (Perret, 2012; 

Molnar, 2012). 

 Drill and log geotechnical boreholes with VS, VP, and gamma-ray data at public 

seismograph stations not located at wellsites, where logistics are simpler than at 

wellsites. 

 Acquisition of VS, VP, resistivity and gamma-ray logs in existing boreholes to build 

on the regional VS model of shallow subsurface units. The EERI boreholes have 

good lithological logs and provide excellent candidates (Cahill et al., 2019; Ladd 

et al., 2019, 2020). To date, 5 were logged for this project out of 17 in the study 

area. Borehole VS data provide better definition of the stratigraphic contacts and 

associated impedance contrasts than non-invasive VS acquisition techniques. 

This work would provide useful data for both induced seismicity and groundwater 

studies.   

 Acquisition of the original well logs drilled by the Prairie Farm Rehabilitation 

Administration in the project area. Numerous wells were drilled, and yet only 

fragmentary descriptive logs are available through GWELLS. These were logged 

with wireline tools. This is a publicly funded dataset that would be invaluable to 

all researchers in the area, and should be acquired and made public. 

 With additional VS and depth to bedrock data, prepare statistical maps reflecting 

the uncertainty and variability of VS30 in the project area. 

 1-D site amplification modelling to further investigate amplification, using existing 

and new VS data. 

 Investigate earthquake sounds as a separate phenomenon from amplification, as 

their audibility is more a result of de-amplification than amplification (G. Atkinson, 

personal communication, 2021). If, as surmised here, they are heard more 

frequently on hilltop sites, does that skew the common perception that ground 

motions are amplified more on hilltops than valley floors? Although most induced 

earthquakes are unlikely to be damaging, they are certainly disturbing to 

residents, and noise is one of the more disturbing aspects of these events (e.g., 

Tosi et al., 2012).  
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 A more rigorous analysis of earthquake records than was conducted in this study 

is necessary to differentiate between source, path, and site effects, and better 

understand the effect of posthole vs surface installations of seismic stations.  
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QUALIFICATIONS AND LIMITATIONS OF SUSCEPTIBILITY 

TO AMPLIFICATION MAP (Map 4) 

 

 

 

 This map is for regional planning and assessment purposes only and should not 

be used for site-specific evaluations. It does not replace the need for site specific 

seismic, geotechnical or hydrogeological investigations where these are required. 

 The map reflects the relative variation in the susceptibility to the amplification of 

seismic ground motions due to the variation in shallow geological conditions. It 

does not address the seismic hazard directly because the regional variation in 

natural and induced seismicity is not considered. 

 The map is based on interpretation of subsurface geological data, which vary in 

quality and are unevenly distributed throughout the mapped area. Map unit 

boundaries are approximate, may enclose smaller occurrences of other map 

units, and are subject to revision as more data become available. Furthermore, 

geological materials are variable, and deposits of a map unit may locally have 

unusual properties. Thus, the susceptibility at a specific site could be either 

higher or lower than that shown on this map. 

 This map does not fully address man-made alterations to ground conditions, nor 

consider the seismic stability of dams. 

 This map does not directly address other potential earthquake hazards, such as 

amplification of ground motion due to topography and three-dimensional effects, 

or earthquake-induced liquefaction and slope instability. 

 This map cannot be used on its own to predict the amount of damage that could 

occur at any one site. Other factors, such as building type and construction 

details, must be considered.  
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