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ground acceleration) correlates loosely with the empirical Mercalli Intensity Scale. PGA may 
refer to vertical (against gravity) or horizontal ground acceleration. 

Seismogram plots vary based on the type of energy source. Earthquakes caused by shear 
failure on faults have small P waves with the sign of the first arriving wave helping to solve for 
fault orientation.  S waves tend to be larger. Explosions cause large P waves and small S waves.  
Possibly collapse structures form large surface waves and small P and S waves.  Tension failure 
caused by fracing may tend to form larger P waves and smaller S waves.  Signals from volcanoes 
have distinct forms and the frequency of the signal can indicate the origin of the event. 

Earthquakes produce ground motion with frequencies in the range 0.2 to 25 hertz (Human 
hearing range is 20 to 20,000 hertz), with frequencies in the range 0.5 to 5 hertz being the most 
damaging.  A five story building resonates at about 2 hertz and a 10 story building resonates at 
about 1 hertz.  This value decreases by 0.1 hertz per story as the number of stories increase. This 
means that motion in tall buildings is less than at ground level.  It is also very important that the 
resonant frequency of a building does not match the frequency of the earthquake motion at that 
location. 

Smaller earthquakes produce a higher proportion of their energy as higher frequency 
motion than larger earthquakes.  Also higher frequency motions tend to be filtered out with 
distance from the earthquake focus. 

 The material underlying a seismograph can amplify the ground motions and effectively 
increase the acceleration experienced.  A seismograph located on a clay substrate may read an 
acceleration of 20% g whereas one on rock may read 4% g (experience in Mexico).  This means 
that the relationship between ground acceleration and the Mercalli Scale can be misleading.  The 
damage an earthquake causes is related to vibration frequency (hertz) and ground acceleration 
(PGA).  Both are influenced by the type of rock the earthquake energy has to travel through. 

Generally the Hudson Hope, Fort St Johns area is an area of low seismicity.  Natural 
Resources Canada maintains an up-to-date database of earthquakes with records going back to 
1985.  A plot of epicenters (Figure 1) indicates two concentrations of events related to deep 
injection in the Eagle and Eagle West oil fields and another area to the west of Fort St Johns.  
Toward the south west in the area of the CBM activity and the Bennett and Peace Canyon dams 
there is much less seismic activity.  

Magnitudes of the earthquakes recorded since 1985 in the Fort St johns area average 
about 2 on the Richter Scale with no bias as to depth of foci (Figure 2).  A majority of the 
earthquakes occur at depths less than 10 kilometres.  Few earthquakes have been identified, with 
no clear indication of average depth, in the area south of Fort St Johns, where there has not been 
deep injection (Figure 1). 
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earthquake at Massett.  These are much too small to be responsible for the acceleration measured 
at the Bennett Dam. 
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Figure 4:  Plot of earthquakes within 100 Kilometres of Fort St Johns and location of 
the1/11/2006 earthquake. 

 

Figure 5: The relationship of P S wave time separation and distance from earthquake. 
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Table 3: Approximate relationship between Richter Magnitude Scale, Mercalli Intensity 

Scale and Total Energy. 
 

 
 
 

Geology 
Regional Stratigraphy 

The Hudson Hope CBM area covers parts of NTS map areas 94A, 94B, 93O and 93P, but 
the area is mainly in NTS map area 94A.   The area is underlain by un divided Fort St Johns 
Group rocks with some areas further defined as Gething, Moosebar and Gates formations  
(Legun, 2003).  Drilling in the area has documented depth to the Gething Formation and its 
thickness.  In the Hudson Hope area depth to the top of the Gething is in the range 500 to 1000 
metres (Figure 8), increasing to the east and north and is about 900 metres below Fort St Johns.  
It appears that most of the bedrock above the Gething Formation is Moosebar Formation.  

Depth to bedrock is not identified as yet but is very important as there are deeply incised 
Pleistocene valleys in the area filled with unconsolidated material. 
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Figure 9: Figure taken from Chapter 29 (Mossop G and Shelsen I., 1994): with location of 
Hudson Hope and Fort St Johns added. 

  
The micro seismic data from CSRI hole b-03-I/94-B-01 (Pinnacle, 2006) (Figure 12) 

provide fracture azimuths (N23E and N51W) similar to orientations for the cleats (face cleats 
N45E and butt cleats N41W), which were measured in outcrops to the west of the hole.  The best 
and first developed fracture pattern identified in the micro seismic data was the N23E direction, 
which corresponds with the face cleat orientation and is roughly parallel to the fold trend in the 
Rocky Mountains. This is somewhat unusual as often face cleats are normal to basin axes. 
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Photo 1: Thrust as seen from Dinosaur Lake above Peace Canyon Dam. 
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Figure 10: Steriographic plot of face cleats with trend of first formed fracture trend micro 
seismic data (Blue line). Average strike 045 dips 89 to SE. 
 

 
Figure 11: stereographic poles of butt cleats with trend of second formed fracture trend 
micro seismic data (Blue line). Average strike 139 dip 68 SW. 
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Fracture 12: Pattern for two frac operations stage 1= 898.6+3m stage 2= 824+3m (Pinnacle 
2006). 
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indicating that it might be easier to initiate seismic activity with injection pressures that plot left 
of the frac line on a Mpa versus depth plot. 

Data on stress orientations (Shmin and Shmax) in the Fort St Johns area are available in a 
number of papers (Bell, 2006; Bell, 2002; Bell et al., 1994).  The map in Atlas of Geology of the 
Western Canadian Sedimentary Basin (Figure 13) gives minimum stress directions that are 
approximately perpendicular to face cleats as measured at surface and perpendicular to the first 
developed fractures during fracing (Pinnacle 2006).   Data in Bell (2002) (Figure 14) provides an 
average azimuth of 134° (N46W) for Shmin in NTS map area 94A, which puts Shmin close to 
perpendicular to face cleats measured in Gething coals (strike 045).   It is very important to 
obtain information about the orientation of Shmin, as this in part controls the geometry of the 
frac pattern as seen in plan view.  This is obvious comparing the stress orientations and the 
fracture pattern identified by the Pinnacle micro seismic study (Pinnacle 2006) (Figures 12 and 
14). 

The direction of Shmin is found by producing new fractures in rock by mini fracture tests 
or by drilling effects.  Shmax and Shmin are also determined from caliper deflections measured 
by dipmeter logs.  The maximum caliper extension indicates Shmin and Shmax will be at 90° to 
this deflection.  Tools often tend to rotate so that the nearest caliper is drawn into the caving that 
is oriented parallel Shmin.  Drill rods vibrate and this will often cause hole horizontal cross 
sections to be elliptical rather than circular; the long axis of the ellipse is oriented parallel Shmin.  
Drill induced vertical fractures are often parallel Shmax (perpendicular to Shmin).  These 
fractures may show up in FMI logs or may be identified in oriented core.  In holes they are often 
filled with drill mud and will have a distinctive resistivity. 
 

 
Figure 13: Present stress directions and magnitudes from Chapter 29; Atlas Geology 

Western Canadian Sedimentary Basin. 
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Vertical stress is directly related to the weight of the wet rock column at a particular 

depth.  Data are derived by integrating density data from geophysical logs by depth.  Gradients 
are generally lower at shallow depths and increase slightly with increasing depth because rock at 
greater depths is more compacted.   Data from Bell (2002) (Figure 15) provide an average value 
of 24.1 Kpa/m corresponding to a wet rock SG of 2.44 for the top of the Lower Cretaceous.  
Values of Sv can vary laterally at a fixed depth. 

The most reliable measures of the magnitude of Shmin are derived from micro or mini 
frac tests or leak off tests (LOT) where the closure pressure is measured on new fractures opened 
normal to Shmin.  Figure 15 indicates that Shmin is always less than Sv.  It is difficult to 
measure Shmax, consequently it is difficult to get a direct measure of the difference between 
Shmin and Shmax.  Data in Figure 15 indicate that average wet rock density is 2.44 (red line 
Figure 15) and average Poisson’s Ratio required to predict correct values of Shmin is 0.3 (blue 
line Figure 15) (assuming no tectonic stress and a Boit Elastic constant of 1).  In rocks with low 
permeability the value of the Boit Elastic Constant approaches 1. 

 

 
Figure 14: Present stress directions from Bell (2002). 
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Figure 15: Extracted from Chapter 29 Atlas of Geology Western Canadian Sedimentary 
Basin. (Mossop and Shelsen 1994) 
 
 
Initiation of fracs, Growth of Fracs and Frac Gradients.  
Initiation of CBM fracs and vertical growth of fracs 

It is important to understand what controls the initiation of fractures in rock and coal and 
what controls the vertical propagation of fractures.  Fracing involves isolating a section of the 
stratigraphy intersected by a drill hole and forcing an incompressible fluid (plus proppant?) into 
the rock by increasing the local hydrostatic pressure enough to open and maybe create and open 
new fractures.  In areas where there is not a complex tectonic history, the minimum stress 
direction is horizontal and there will be a near absence of non vertical fractures.  Most existing 
fractures will be vertical or rocks will form new vertical fractures perpendicular to Shmin when 
local hydrostatic pressure is increased.   
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When frac fluid is injected, the initial peak pressure represents the fracture breakdown 
pressure (Fracture initiation pressure) (Pb).   

The equation that describes conditions next to the hole is: 
Pb=T+3*Shmin-Shmax-Pp    (Haimson and Fairhurst, 1970) 
T=tensile strength;  Pp=pore pressure 
The equation describes conditions for forming a vertical tension fracture next to the hole.  

These are not the stress conditions for propagating fractures away from a hole. 
In Figure 16   σ1=Shmin     σ2=Shmax   σ = Pb when tensile strength =0 
In low permeable rocks the effect of pore pressure is diminished and the fracture pressure 

required to initiate fractures increases. The equation above provides a way to estimate Shmax.  
The time versus pressure plot for a frac provides a way to estimate the tensile strength of rock, 
which equals break down pressure minus reopening pressure. 

 

 
Figure 16: Stress conditions in a vertical hole during fracing and vertical fracture 

formation. 
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Figure 17: Frac pressure versus time plot for fracing showing approximate pressures for 

breakdown pressure, tensile strength and Shmin. 
 

Away from a drill hole, vertical fracture growth in vertical and lateral directions 
continues as long as Pp>Shmin+T where Pp is pressure produced by frac fluids at that point.  
The local frac pressure decreases with distance from the hole because leak off, viscosity of the 
fluid and friction along the fracture surface.   

Tensile strength in coal seams is much less than in surrounding rocks, consequently near 
a hole, vertical growth of a new fracture from coal into overlying lithology can only continue if 
σ  is capable of overcoming the increased value of T in equation Pb=T+3*Shmin-Shmax-Pp.    
Away from the drill hole frac pressure must overcome (Sv-Hp)*v/(1-v)+Hp+T+Tc.  T is the 
higher tensile strength in the overlying rock.  In addition moving upwards from coal to rock, 
there is a change in Shmin across the compositional boundary based on a probable decrease in 
Poisson’s Ratio.  The minimum horizontal stress Shmin is given by: 

Shmin= (Sv-Hp)*v/ (1-v) +Hp+Tc:  (Gray, 1992) 
v= Poisson’s Ratio Hp=hydrostatic pressure; Tc= regional horizontal tectonic stress. 

The value of Shmin will be higher in coal seams with higher Poisson’s Ratios than in other rocks 
with lower Poisson’s Ratios.  Consequently it should be easier to continue developing an existing 
vertical fracture into the overlying rock but will be difficult to continue growth of a new fracture 
into overlying rock. 

In thinly layered rock with varying Poisson’s Ratios the simple calculation of closure 
pressure may not apply because for example a sandstone band will transmit Shmin where as 
softer layers ( higher Poisson’s Ratios) may be protected and actually have lower values of 
Shmin.  In thick rock layers Shmin will be more closely related to values of Poisson’s Ratios for 
the rock layers. 

If there is a bedding surface with low shear strength and cohesion at the coal hangingwall 
and no existing fracture into the overlying rock, then it may be easier for the frac fluid to T out 
on the bedding surface than to overcome the tensile strength of the overlying rock and to 
continue developing a new vertical fracture.  

 In most cases CBM frac gradients in the Hudson Hope area are greater than the over 
burden pressure gradient (about 24 Kp/m) (Figure 18), therefore there will always be a tendency 
for fracs to T out on low cohesion lithology contacts. Fractures will develop vertically best in 
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massive lithologies with no well developed bedding and low values of Poisson’s Ratio, or if they 
can take advantage of existing vertical fractures. 

 

 
Figure 18: CBM Frac gradients from Hudson Hope area. 

 
In a number of cases fracs have been mined out in underground coal mines and the 

geometry of the frac pattern studied (Diamond and Oyler, 1987).  In a lot of cases the fracs T out 
on the hangingwall contact with overlying shales (Palmer et al., 1995).  There is a strong 
tendency to limit the vertical growth of fractures in most rock packages by developing horizontal 
fractures.   

Discussion of frac-generated fractures assumes that the majority of the fractures are 
tensile fractures.  In that the maximum stress axis (Sv) is vertical and Shmin and Shmax are 
horizontal and fractures are vertical, there is no shear stress component on the fracture surfaces 
and failure is tensile.  However if a vertical fracture intersects horizontal bedding surface with 
low cohesion, then the frac pressure pushes outwards along the underside of the bedding surface 
in both directions away from the vertical fracture.  This push constitutes an un-balanced shear 
stress and shear failure may occur along the bedding surface.  The normal stress on the bedding 
surface is the vertical regional stress minus the frac pressure.  If bedding is not horizontal, then 
there is a shear component acting on the bedding surface derived from the regional vertical stress 
field and from the frac pressure.  In addition the normal stress acting on the surface derived from 
the regional stress field is reduced by the frac pressure.  This means that shear failure will occur 
on dipping bed surfaces with a possible component of along-surface movement.  There will be a 
preference for the failure to develop up dip. 

Comparing frac gradients in the Hudson Hope area and the probable frac gradient 
required to initiate shear failure on a bedding surface (Figure 19), fracs will show a strong 
tendency to T out on bedding contacts with shales either in the Gething Formation or in the 
overlying Moosebar Formation. 
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Figure 20: Vertical extent of CBM frac activity generated at about 1000 metre depth with     

3 metre intervals tested. 
 
Lateral Growth of Fracs and Estimation of Fracture half lengths 

Lateral growth of fracs is measured with tilt metre or micro seismic studies.  In the 
absence of actual measurements there are many commercial programs that predict fracture 
growth.  However Olsen et al. (2003) state that most simulators have difficulty modeling fracture 
growth in coal because of the complex fracture geometry in coal and the tendency for fractures to 
T out on low shear strength bedding surfaces.  However it is still important to have a method of 
estimating the area affected by fracing.  

 A number of studies indicate that there is a rough correlation between fracture length and 
volume of fluid and proppant injected. The relationship is not exact because of different 
geometries of fractures.  However there is a moderately good relationship based on data taken 
from large shale fracs in the Barnett Shale (CSUG 2003 paper) (Figure 21) and smaller fracs in 
CBM operations (Schlumberger paper no date) (Figure 22, 23).  The data in Figures 21,22,23 are 
in feet and barrels or US gallons.  The units are converted into metric units in the composite 
diagram (Figure 24), which is a log versus log plot.  Figure 24 gives a reasonable estimate of 
fracture half length based on volume of injected fluids and can be used in situations where there 
is concern that fractures may extend under areas of concern or break into aquifers or into 
unconsolidated overburden.  The two large square symbols on the plot are data from the Pinnacle 
(2006) micro seismic study in the Hudson Hope area.  

The relationship in the Figure 24 provides a very rough way of estimating the half length 
of a fracture pattern based on the volumes injected.  The equation (half frac length = 7.9351 x 
frac volume^0.794) from Figure 24 is used to estimate the half length of the frac operations in 
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the Hudson Hope area and it appears that the majority have half lengths in the 200 to 300 metres 
range (Figure 25). 
 

.  
Figure 21:  Data from CSUG presentation 2003. 

 

 
 

Figure 22: Data from CSUG presentation 2003. 
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Figure 23: Data from Schlumberger paper no date. 

 
Figure 24: Summary of data from the plots above converted to metric units. 
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Figure 25: Estimated half length of CBM fracs in Hudson Hope area using injected volume 

of fluids plus sand. 
 

Derivation of Fracture gradients and formation breakdown pressures 
The intention during CBM frac operations is to exceed the natural frac gradient of the 

rock to open or develop new fractures.  This is an open ended challenge.  For deep injection the 
intent is to inject fluids without exceeding the natural frac gradient or breakdown pressure and 
this requires better knowledge of frac gradients and breakdown pressures.  It is therefore 
critically important to determine the breakdown pressure of a storage aquifer before injecting 
fluids.  For safe injection, it is essential that injection pressures do not increase sufficiently to 
form new tension fractures in the rock or open exist fractures, which will allow the injected fluid 
to migrate vertically. Exceeding the breakdown pressure may also cause earthquakes. 

The injection pressure required to open vertical tension fractures is dependent on the 
value of Shmin at the injection depth.  Shmin depends on Poisson’s Ratio,  tensile strength of 
rock, hydrostatic pressure and tectonic stress.  The equation: 

Pb=T+3*Shmin-Shmax-Pp    (Haimson and Fairhurst, 1970) 
provides the conditions for producing and opening a new tension fracture adjacent to the drill 
hole (fracture initiation).  If Shmax is not much greater than Shmin, then a minimum estimate of 
the breakdown pressure required to produce a new tensile fracture is:  

Pb=T+2*Shmin-Pp  
This approximation is suggested by Roegiers (1987).  Kry and Gronseth (1983) calculate ratios 
of Shmax/Shmin of 1.3 to 1.6 in the Peace River Ach area indicating non isotropic values of 
Poisson’s Ratio and probably presence of tectonic stress. 

Values of T (tensile strength) vary for rocks and are temperature sensitive.  Tensile 
strength of shale varies from 2 to 10 Mpa and for sandstones 4 to 25 Mpa. 

 It is possible to use the above equation to estimate the injection pressure that may open 
existing vertical tension fractures or produce and open new fractures in a formation.  A safer 
approach is to directly measure breakdown pressure (Pb) with micro or mini frac injection tests 
or leak off tests (LOT).  Bachu et al. (1989) provide a plot of frac gradients versus depth for 
break down pressures (Pb) that form vertical fractures (Figure 26 and 27).    The upper boundary 
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is close to the failure line calculated using a tensile strength of 5 Mpa and a Poisson’s Ratio of 
0.3.  Tensile failure is assumed to occur near the hole because compressive shear strength of rock 
is about 10*tensile strength and it is therefore very unlikely that new shear fractures will form. 
 

 
Figure 26: From Bachu et al. (1989). 

 

 
Figure 27: Pressure required to initiate vertical fractures. 

 
  

It is important to be able to calculate formation fracture gradients in deep oil and gas 
holes and deep injection holes.  Drilling mud density is kept above hydrostatic pressure to 
contain possible blow- outs; but if mud density effectively increases pore pressure too much, 
then the formation fracture gradient pressure at a particular depth may be exceeded and mud will 
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escape into fractures in the rock.  A similar situation can occur during deep injection of waste 
water if injection pressures are too high. 

There is extensive literature on the calculation of formation fractures gradients.  All the 
methods model the situation of opening an existing vertical fracture.  They do not take into 
account varying tensile or shear strengths of rock.  An article by Dr Eissa Shokir (and other 
references downloaded from web) outlines three methods of estimating formation fracture 
gradients (Figure 28). The method by Mathews and Kelly requires empirical curves and is not 
described here. The method by Ben Eaton is considered the best.  The equation is actually the 
Gray (1992) equation for estimating Shmin.  The calculation requires determination of Poisson’s 
Ratio, assumes isotopic conditions a Biot elastic constant of 1 and no tectonic stress.  

 
Figure 28: methods for calculating Formation Fracture gradients. 
 

Values of Poisson’s Ratio usually decrease with depth as rocks compact and become 
stiffer. This is apparent in logs that use sonic logs to calculate dynamic values of Poisson’s Ratio.  
When the Eaton formula above is used to calculate frac gradients the values are often less than 
values measured using leak off tests (Kozlov, et al 2005).  This is because values of Poisson’s 
Ratios calculated using lab tests or sonic logs are less than the effective Poisson’s Ratio over 
geological time when rocks tend to be partially plastic.  The result is that where as instantaneous 
values of Poisson’s Ratio decrease with depth the effective geological Poisson’s Ratio may 
increase with depth.  This means that values of Shmin will increase with depth more than 
expected when calculated using instantaneous values of Poisson’s Ratio.  The hashed blue line in 
Figure 29 indicates the variation of estimated values of geological Poisson’s Ratio with depth. 
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Figure 29: Use of P and S waves to calculate Poisson’s Ratio Values decrease with depth. 

 
 

 
Figure 30: Two of the three methods of calculating formation fracture gradients. 

  
Two to the three fracture gradients are illustrated in Figure 30.  The Eaton method is 

calculated using a Poisson’s Ratio of 0.3, which produces a match to the Shmin data from NE 
BC.  All the methods produce fracture gradients that are much less than that calculated using Pb= 
2*Shmin-Pp. This equation predicts the condition for fracture initiation i.e. opening or creating a 
new vertical fracture at the well bore (Roegiers, 1987).  

 Some world data for leak off tests (LOT) were located (Figure 31).  The plot uses psi and 
ft units; however the boundaries are re plotted in metric units in Figure 32. 

 



 35 

 
                   Figure 31: GeoPressure Technology LOT data. 
 
 

 
Figure 32: Data from Figure 31 transposed with change in units to metric. 

 
 
 
 
 
 
 
 
 



 36 

Table 4: Relationship of Shmin values to Poisson’s Ratio and density of wet rock. 

  

 
 
The data in Figures 29-32 start to define the horizontal pressure difference at a fixed depth 
between hydrostatic pressure gradient and the various predictions of fracture gradients. It is this 
horizontal pressure difference that defines the safe increase in pressure (injection pressure) 
available for injection wells. 

The mini frac data plotted in Figure 15 indicate that the average Poisson’s Ratio is 0.3 
using the simple version of the Gray equation and the resulting Shmin gradient is 15.86 Kpa/m.  
Table 4 provides data on the relationships between Shmin, density of wet rock and Poisson’s 
Ratio.  The calculation is repeated for 2 values of Biot Elastic Constant (effective stress 
coefficient).  The value of the Biot Elastic Constant approaches 1 as permeability/porosity of 
rocks decreases.  Table 4 also summarizes gradients provided by the various ways of calculating 
frac gradients and the frac gradient implied by the Geopressure Technology Limited HS energy 
pressure data in Figure 31.  All the data indicate that the minimum measured or calculated values 
of Shmin gradient (using a Poisson’s Ratio of 0.3) are in the range of 16 to 17 Kpa/m.  Picking 
Shmin gradients greater than about 16 Kpa/m obviously gives the operator more flexibility in 
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Measurements of Shmin in the Central Alberta Basin (Haug et al., 2007) indicate a Shmin 
gradient of about 19 Kp/m.  Based on calculation of dynamic values of Poisson’s Ratio there 
appears to be an increment of tectonic stress in the values of Shmin.  Values of Shmin calculated  
using Poisson’s Ratios from Table 5 produces Shmin values that are lower than measured values.   

If there is an element of tectonic stress associated with frac gradients of about 19 Kpa/m 
in the Alberta Basin, then there has not been any associated seismic activity.  

The identification of a tectonic stress component in the value of Shmin is important.  First 
as mentioned it means that rocks might be pre stressed and likely to produce seismic events even 
when injection pressures are less than Shmin.  Secondly with regards to CBM production 
regional tectonic stress can reduce permeability on cleats and make production difficult. 

 
Figure 34: Measurements of Shmin and hydrostatic pressure from central Alberta; 

Figure from (Haug et al., 2007) 
 
Table 5: Calculation of dynamic rock properties data from (Haug et al., 2007). 
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Subsidence Related to Gas Production and Dewatering CBM wells 
Local volume decrease of coal may be associated with extraction of gas and water from 

coal by a producing CBM hole and therefore is not directly part of this study, which deals with 
concerns related to exploration.   

A review of coalbed methane literature was able to locate only one oblique reference to 
subsidence related to CBM production.  This was for the Powder River Basin where thick low 
rank seams are producing CBM with high volumes of associated water.  The CBM field is not 
analogous to the Hudson Hope area.  The subsidence mentioned is less than 1.3 cm but the 
primary reference could not be located.   The source may be a paper by Case et al. (2000) who 
states “It appears that minor aquifer compression up to 1/2 inch may occur in the coal beds that 
are being developed for coalbed methane in the Gillette area”.  A theoretical paper estimates 
uniaxial compression over a number of years at the depth of gas and water extraction to be less 
than 1 cm (Fanchi, 2002).  There is extensive literature that relates matrix shrinkage of coal as 
gas is desorbed and production progresses to increase in porosity and permeability as (Levine, 
1996) (Clarkson et al. 2008). 
 
Seismic Activity and Deep Injection 
Examples of Seismic Activity 

One of the major concerns with deep injection is the risk of initiating earthquakes.  
Generally the risk increases dramatically when injection pressures exceed the fracture gradient.  
However irrespective of fracture gradients, deep injection may still be responsible for causing 
earthquakes. It is therefore important to compare, injection pressures in wells that caused 
earthquakes, to calculations of fracture gradients.  Some data, which provide injection pressure, 
depth and magnitude of associated earthquakes, were located in a text book by S.K. Guha 
(Induced Earthquakes, 2001).  The data are plotted in Figure 35, which also reproduces data from 
Figure 32.  Some of the pressures are to the right (7) of expected fracture gradients but not all 
(4). 

As mentioned if the frac gradient is high, possibly indicating a component of tectonic 
stress in Shmin, then it is more likely for injection to cause seismic activity even if the injection 
pressure is less than the frac gradient pressure. If the frac gradient is low indicating less tectonic 
stress, then injection pressures less than frac gradient pressures are less likely to cause 
earthquakes. The frac gradients associated with the earthquake activity caused by injection were 
not provided by S.K. Guha (Induced Earthquakes, 2001) 
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Figure 35: Data that relates injection pressure (plot as injection pressure plus hydrostatic 
pressure) and seismic activity. 

 
Seismic Activity and Frac Gradients 

Seismic activity is often associated with deep injection and has occurred in the Fort St 
Johns area (Horner et al, 1994).  The seismic activity is usually explained using: 

τ= Co+σn*tan() 
where   =shear strength;    Co = cohesion i.e. shear strength;   n= normal effective stress;  

    = angle of friction; 
 

Normal effective stress across a surface decreases directly as pore pressure increases.  
The relationship between increasing frac pressure and shear failure on a horizontal surface is 
discussed above ( frac fluid T ing out on horizontal bedding surface).  As opposed to failure 
under tension, shear failure involves some movement along the failure plane and is therefore 
more likely to be associated with seismic activity.  It is unlikely that new shear fractures will 
form because of the high shear strength of rock (about 10*tensile strength) consequently shear 
failure, if it forms, is likely to form on existing fractures (cohesion Co=0).   

The Mohr’s Circle interpretation of shear failure associated with earthquakes usually 
makes the assumption that there is a non-vertical fracture surface that makes an angle with the 
principal stress orientations such that there is sufficient shear stress on the surface to over come 
friction.  It is assumed that the maximum principle stress is vertical.  As injection pressure 
increases the normal effective stress decreases and movement on the existing fracture becomes 
more and more likely. It is obviously very important to know orientations of existing fractures 
and degree of development of fractures in the aquifer unit.    
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on a fracture (i.e. the left most Mohr’s Circle, Figure 36).  Alternatively a new fracture could 
develop at an angle given by B=(90+)/2 based on what the cohesion is for the rock. For 
example at about 4000 metres shear strength would have to be about 35 Mpa 
 Safe injection pressures are represented by the length of a horizontal line between 
hydrostatic gradient and first fracture gradient line which might depend on movement on an 
existing vertical tensile fracture or non vertical shear fracture (Figure 35). The length of the line 
can be expressed as hydraulic head by dividing pressure difference by hydrostatic gradient to 
derive a value with units of length (850 metres at a depth of 3500 metres, Figure 35). 

 Based on the analysis, as injection pressures increase, it is most likely that existing 
vertical fractures will open with resultant leak off of fluids.  If non vertical fractures exist with 
optimum dips then these surfaces may be re activated as shear fractures with a greater possibility 
of associated earthquakes. 

It is critical when estimating safe injection pressures, to identify presence and orientation 
of any existing non vertical fractures as these rather than vertical tensile fractures, may define 
maximum safe injection pressures.  

 

 
Figure 37: Grey line indicates conditions for shear failure on optimum oriented existing 
fracture (60 dip) angle of friction 20.  
 

As mentioned deep injection in the Fort St Johns area apparently caused earthquakes 
during or shortly after period of injection (Figure 39) (Horner et al., 1994).  In this case deep 
injection followed depletion of an existing oil and gas reservoir and so is not a direct analog for 
waste water injection into an aquifer reservoir.  The paper provides Instantaneous Shut-in 
Pressures (ISIP) for some fracs and then calculates values of Shmin by adding the hydrostatic 
pressure to derive Shmin values that are all greater than overburden gradients.  I t is suspected 
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Ways of Obtaining Fracture Data from Geophysical Logs  

Based on the above discussion it is obviously very important to document the presence 
and orientation of fractures in the aquifer and overlying rocks.  Core from drill holes and 
Geophysical logs provide one very important source of this type of information. Core is not 
generally available and if available probably for only a limited section of a hole.  Core can 
indicate intensity of fractures and core/fracture angles.  The true orientation of fractures requires 
orientating the core.  There are ways of doing this not discussed here.  The most useful 
geophysical logs include dipmeter logs and full bore micro imaging (FMI) logs. 
 
Geophysical logs 

Data from geophysical logging is often provided as paper copies and LAS files.  There 
are commercial software programs available that read LAS files and provide the ability to plot 
and manipulate the data.  As a first pass approach to opening and using LAS logs: Open LAS 
files and then save file as a txt file after first stripping off LAS designation.  Then open the txt 
file in excel as an xls file ”delineated by space”.  This provides an excel file in which the data are 
easy to manipulate. I have written an excel Macro that allows manipulation of data from LAS 
files and allows for data to be copied into a program that plots orientation data into lower 
hemisphere sterionets. 
 
Use of Caliper logs  

 Caliper logs can indicate presence of major faults/fractures.  They can also provide 
information on the orientation of Shmin if ther is more than one caliper arm.  Holes tend to break 
out in the direction of Shmin as indicated in Figure 40 and one caliper arm will tend to rotate to 
this direction and extend into the breakout.  Dipmetre logs discussed below usually have at least 
three caliper traces. 

  
Figure 40: Horizontal cross section of hole indicating  
caliper deflections and how they provide direction of Shmin. 
 

Based on the number of independent caliper arms, it is possible to solve for the 
orientation and eccentricity of the hole ellipse cross section.  This requires some fairly complex 
maths (at least for me).  A simple graphic approach to solving for orientation and eccentricity of 
the ellipse is suggested here.  It is assumed that the hole bit diameter is the minimum axis 
diameter (B) for the ellipse and the maximum enlargement of the hole is the diameter A for the 
ellipse.  The ratio of the caliper extensions is represented as caliper diameter/hole diameter (Y 
axis value on Figure 41); with the first caliper given an orientation of zero and the other calipers 
given clockwork azimuths from the first (X axis value, Figure 41).    
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Dipmeter logs 

Dipmeter logs provide good data for shallow dipping surfaces.   Bedding or fracture 
orientations are represented by tadpoles; the tail projects down dip indicating dip orientation and 
the head is plotted on the X axis of plot to indicate dip amount and on the Y axis to indicate 
depth.  

Based on the way dipmeter logs work with multiple resistivity pads and matching traces; 
they find it increasingly difficult to identify fractures as dip of fractures increases.  This is 
because; the steeper the fracture dip the further the computer has to search vertically to match 
resistivity traces.   

Logging companies summarize data in different ways.  Print-outs code tadpoles as 
bedding or various types of fractures.  In addition to depth, log data are also plotted on rose 
diagrams.  These diagrams indicate orientation of dip directions (obviously strike is +/- 90 ) but 
do not represent dip amount.  Another plot used by logging companies represents orientations on 
a circular plot where a zero dip is represented by the centre of the circle and radii of the circle 
represent dip direction. These plots are very good for identifying non vertical fractures (as 
opposed to bedding). 

In areas where dipmeter logs identify variable bedding dips, it is sometimes useful to plot 
information into lower hemisphere sterionets.  This is a technique familiar to geologists who 
study the geometry of geological structures.  The plots can provide information about fold axis 
directions and, if cross bedding is present, identify the direction of sediment transportation. 

  
Hudson Hope Area, hole HHG d-73-I/93-0-16  

LAS files for geophysical logs for hole (HHG d-73-I/93-0-16) from the Hudson Hope 
area were provided.  The logs are used to indicate specifically how data are provided and how to 
extract useful information. The hole was cased to 170 metres.  From about 300 metres to 640 
metres there is uniform moderate to high gamma response assumed to be Moosebar Formation.  
Coal intercepts start at 643 metres overlain by sandstone at 632 metres.  Hole was logged to 665 
metres and drilled to 674.5 metres. 

Based on the gamma response, the Moosebar Formation is very uniform with poorly 
developed bedding. The upper part of the formation has one or two coarsening upwards 
sequences.  Density is uniform at 2.6 g/cc  and this provides data for calculating Sv and then 
Shmin based on: 
Shmin= (Sv-Hp)*(v/(1-v)+Hp  v=Poisson’s Ratio; Hp is hydrostatic pressure 
 

The dipmeter log starts at 230 metres and there is some variation in dipmeter data from 
230 to 245 metres with no response on the caliper.  This zone corresponds to the upper part of a 
coarsening upwards sequence identified by a gamma response that decreases up hole (can lead to 
the characteristic saw-tooth gamma response for multiple coarsening upward sequences). The 
variation in orientation may relate to sedimentary structures or folding.  A stereographic plot 
(Figure 44) is inconclusive but may indicate a northwest trending fold and this trend is 
perpendicular to Shmax.  Alternatively and more likely the changing dip and strike could relate 
to sedimentary structures (cross bedding or slumping), which can indicate a sediment transport 
direction.  The direction is perpendicular to apparent fold axis (intersection line of bedding and 
cross bedding).  In this case to sediment transportation would be to the southwest.  It is 
emphasized that the data are too dispersed to really support either of these conclusions. 
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Figure 44: Lower hemisphere sterionet plot of dipmeter data 237 to 245 metres. 
 
The summary rose diagrams for the dipmeter log (Figure 45) indicate a shallow dipping 

average bed orientation striking east northeast dipping south southeast and a major near vertical 
fracture direction striking northwest.  This fracture orientation corresponds with face cleat and 
Shmax orientations in the area.  The rose diagram also plots non vertical fractures.  These are 
very important in that they may be surfaces for shear failure and seismic activity during deep re 
injection. 

 

 
Figure 45: rose diagram indicating azimuth of vertical fractures (dots are azimuth and plunge of dip 

lines with zero dip at centre of circle) and average orientation of bedding. 
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Fullbore formation micro imaging logs (FMI logs) 

FMI (Fullbore formation micro imaging) logs present an unwrapped image of the wall of a hole 
produced using multiple micro resistivity pads (Figure 46).  The resistivity of rocks is variable with 
sandstone generally having high resistivity depicted as a bright colour and shales with low resistivity 
depicted by a dark colour.  Coal generally has high resistivity except for low rank coals.  Fractures filled 
with salt water will have very low resistivity and will show as black lines as will fractures filled with 
pyrite. 

Bedding and fractures surfaces appear as sigmoidal curves on the FMI logs.  The low point of the 
curve provides the dip direction and the amplitude of the wave is proportional to the dip amount (Figure 
46).  Figures 47 to 50 indicate how various geological structures are represented on FMI logs. 

The dipmeter log for hole HHG hole d-73-I/93-0-16 indicates variable dip and strike at 295 to 320 
metres where there is a sandstone at the top of a coarsening upwards sequence.  On the FMI log it appears 
that the variable bedding orientations are related to sedimentary structures (cross bedding or slumping ?) 
in the upper part of coarsening upwards sequences.  The FMI log generally does not indicate any 
disturbed bedding. 

The formation at 240 to 280 metres is composed of finely bedded interbanded shale and siltstone.  
Below 300 metres bedding is less well developed and units tend to be thicker. Below about 320 to 600 
metres, dip is very consistent at about 5 to the south.  From about 580 to 600 metres, the number of 
measured bedding orientations per metre decreases probably indicating that the formation is massive.   

Generally near vertical fractures do not appear to be well developed in the Moosebar Formation. 

 
 
 

Figure 46: Examples of resistivity response of rocks and basic interpretation of FMI logs. 
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Figure 47: Identification of bedding and fractures in an FMI log. 

 
Figure 48: Example of a steep dipping open fracture with dip to the north and an east west strike. 
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Figure 49: Some examples of features identified by FMI logs. 
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Figure 50: Examples of fractures in coal seams (high resistivity bright colour). 

 
 

Aquifer Capacity and Deep Injection 
 Deep injection of CBM water or brines from oil and gas production is the required disposal 
method in British Columbia irrespective of water quality.  In the USA brines from oil or gas wells are 
classified as Class II water and there are regulations regarding how to protect adjacent drinking water 
aquifers (USDW= underground source of drinking water). Some CBM derived water, if it is produced and 
re-injected by the same company is classified as Class 1 water and the regulations are less stringent than 
for Class II water.  
 The capacity of a stratigraphic interval to accept injected water is a function of porosity, 
permeability, compressibility of the matrix and compressibility of the fluids. If regional permeability is 
sufficient, once the storage capacity of the rock, based on porosity, matrix and fluid compressibility is 
exceeded, then fluid will migrate along the Shmax axis.  In the Hudson Hope area this is northeast 
southwest. 
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It is very difficult to pre-determine the storage capacity of an aquifer.  It depends obviously on the 
volume of aquifer formation available and then on porosity, which is estimated from geophysical logs and 
permeability, which is measured by various drill site pump tests.  In addition the matrix compressibility 
and fluid compressibility must be determined.  Fluid compressibility is known from various lab tests and 
is expressed as dV/V per unit of pressure change. 

The compressibility of pure water changes with initial pressure and temperature and ranges from 
about 4*10^-4 to 5*10^-4 1/Mpa, once reasonable pressure and temperature gradients are considered 
(Figure 51). Compressibility of the solid (matrix plus fluid compressibility) is generally considered to be 
2 to 3 times the value for water.  Actual values are difficult to find in the literature. 

Matrix compressibility is very important in effecting storage capacity of an aquifer because it 
affects the volume (1-porosity volume fraction) whereas water compressibility only affects porosity 
volume and porosity at depth is low.  Low porosity may not impact calculated storage capacity much but 
in practice there must be sufficient permeability, which is related to porosity, to move water into a 
formation without exceeding breakdown pressure (fracture gradient).   
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Figure 51: Compressibility of pure water vs depth assuming geothermal and hydrostatic gradients. 
 
Assuming adequate permeability, the storage capacity of a reservoir in simple terms depends on storage 
coefficient S given by: 

S=*  *b*( + /) 
 

= specific weight of water per unit area or hydrostatic pressure per unit of aquifer thickness;   
b= aquifer thickness;   = water compressibility;       = rock compressibility   = porosity;   
   
Actual volume stored is S* Aquifer Area* hydraulic head.  Hydraulic head = increase in pressure at a 
depth divided by hydrostatic pressure gradient. 
 

Hydraulic head is the increase in pressure required to force fluid into the formation.  I t must not 
exceed the difference between hydrostatic pressure and fracture gradient at the injection depth.  The value 
in theory can be read off a diagram such as Figure 35, once a method of predicting fracture gradient is 
chosen.  If the volume stored is greater than the storage capacity of the aquifer and injection pressure 
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NOTIFICATION AND CONSULTATIONNOTIFICATION AND CONSULTATION

 Cons l tat ion  Informat ion shar ing  phase & 

 Detect ion

 Recorded by CNSN or 
 

 Consultat ion  - In format ion shar ing  phase & 
Moni tor ing  Recommendat ions

 Describe known incidents and mitigation options 
to Operator

dense arrays

 Felt Reports

 Noti f icat ion

 Recommend installation of dense array to identify 
accurate hypocentres

 Recommend using dense array data to implement 
mitigation strategy

 Phone calls

 Info Collection 
Questionnaire

 Area operations?

 Bypass injection (stages) near re-activation 
zones

 Avoid known problem faults – “we know 
which faults to look out for”p

 Microseismic?

 Known faults?

 Felt reports or 

which faults to look out for

 Submit routine seismicity reports to OGC

 Current  requi rements  spec i f ic  to  Order  or  Permit

 Sus end o erations if Ma nitude 4.0 event 
wellbore damage?

p p g
detected

 Report all events > Magnitude 2.0
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