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Abstract 17 

In the St. Lawrence sedimentary platform (eastern Canada), very little data are available between 18 

shallow fresh water aquifers and deep geological hydrocarbon reservoir units (here referred to as 19 

the intermediate zone). Characterization of this intermediate zone is crucial, as the latter controls 20 

aquifer vulnerability to operations carried out at depth. In this paper, the natural fracture net-21 

works in shallow aquifers and in the Utica shale gas reservoir are documented in an attempt to 22 

indirectly characterize the intermediate zone. This study used structural data from outcrops, shal-23 

low observation well logs and deep shale gas well logs to propose a conceptual model of the nat-24 

ural fracture network. Shallow and deep fractures were categorized into three sets of steeply-25 

dipping fractures and into a set of bedding-parallel fractures. Some lithological and structural 26 

controls on fracture distribution were identified. The regional geologic history and similarities 27 

between the shallow and deep fracture datasets allowed the extrapolation of the fracture network 28 

characterization to the intermediate zone. This study thus highlights the benefits of using both 29 

datasets simultaneously, while they are generally interpreted separately. Recommendations are 30 

also proposed for future environmental assessment studies in which the existence of preferential 31 

flow pathways and potential upward fluid migration toward shallow aquifers need to be identi-32 

fied.  33 
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1 Introduction 34 

For shale-dominated successions, there is a high interest in identifying natural fracture networks 35 

because they control the rock permeability (Barton et al., 1998; Berkowitz, 2002; Guerriero et 36 

al., 2013; Narr et al., 2006; Odling et al., 1999; Singhal and Gupta, 2010) and thus strongly in-37 

fluence fluid flow in the different stratigraphic units and potentially between deep prospective 38 

shale gas strata and shallow aquifers (CCA 2014; EPA 2016; Lefebvre, 2016). 39 

However, the quantitative assessment of natural fractures can be challenging due to observation-40 

al biases related to the methods that provide results at different scales (e.g. at the scale of out-41 

crops, wells or seismic lines) and to the data that are sparsely or irregularly distributed. The in-42 

herent incompleteness of data is exacerbated in the so-called “intermediate” zone (or caprock). 43 

There is generally a lack of observation in this zone because it is located between shallow aqui-44 

fers studied for hydrogeological purpose and the deep reservoir that has been characterized for 45 

hydrocarbon exploration/production. The characterization of this zone is crucial to properly un-46 

derstand the dynamic of potential contaminants migration to shallow aquifers. 47 

Fracture observations on outcrops are often used as analogs for deep reservoirs (Antonellini and 48 

Mollema, 2000; Gale et al., 2014; Larsen et al., 2010; Lavenu et al., 2013; Vitale et al., 2012). 49 

Hence, the extrapolation of fracture data from outcrops and shallow hydrogeological wells, or 50 

from the deep reservoir where well log data and other geoscience information abound, may ap-51 

pear to be a promising approach to characterize the intermediate zone. However, the use of ‘shal-52 

low’ or ‘deep’ datasets as analogs is not always possible and certainly not straightforward; the 53 

controls on fracture distribution in a sedimentary succession have to be carefully identified to 54 

fully assess the fracture patterns. At shallow depths, surface weathering can enhance fracture 55 

apertures and be possibly responsible for fractures filling with minerals that are not representa-56 
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tive of deep units. Furthermore, uplift or unroofing can initiate fracture propagation (Engelder, 57 

1985; English, 2012; Gale et al., 2014). Therefore, the presence of unloading fractures oriented 58 

according to either a residual or a contemporary stress field will affect the shallow rock mass 59 

(Engelder, 1985). To the contrary, some fracture generation processes can occur only at signifi-60 

cant depths due to an increase of the greatest compressive stress during regional shortening, a 61 

decrease in the least compressive stress caused by regional extension or an increase in pore pres-62 

sure (Gillespie et al., 2001). Therefore, to be able to use some shallow and deep fracture sets as 63 

analogs, it must first be demonstrated that outcropping fractures are not solely the expression of 64 

near-surface events and were most likely formed at significant depths (at least comparable with 65 

the reservoir depth). 66 

In this paper, we aim at integrating multisource data (outcrops, shallow and deep acoustic and 67 

electric well logs) that have different observation scales to obtain a sound interpretation of the 68 

fracture network affecting a shale gas play in southern Quebec (Saint-Édouard area, approxi-69 

mately 65 km southwest of Quebec City; location in Fig. 1). An emphasis is put on the character-70 

ization of the intermediate zone which potentially controls contaminants migration to subsurface. 71 

The proposed methodology could be of interest for other studies in shale dominated successions 72 

where there is a lack of data in the intermediate zone.  73 
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2 Regional tectonostratigraphic setting 74 

2.1 The St. Lawrence Platform 75 

In southern Quebec, the St. Lawrence Platform is bounded by the Canadian Shield to the NW 76 

and by the Appalachian mountain belt to the SE. The portion of interest of the St. Lawrence Plat-77 

form (here referred as the SLP) comprises the area roughly between Montréal and Quebec City. 78 

This Cambrian-Ordovician depositional element is divided in two tectonostratigraphic domains: 79 

the autochthonous and the parautochthonous domains (Castonguay et al., 2010; St-Julien and 80 

Hubert, 1975) (Fig. 1). At the base of the autochthonous domain, Cambrian-Ordovician rift and 81 

passive margin units unconformably overlie the Grenville crystalline rocks (Lavoie et al., 2012) 82 

(Fig. 2). These passive margin units include the Potsdam Group sandstones and conglomerates 83 

and the Beekmantown Group dolomites and limestones. Those two groups are covered by Mid-84 

dle to Upper Ordovician units deposited in a foreland basin setting (Lavoie, 2008) (Fig. 2). The 85 

progressively deepening-upward carbonate units of the succeeding Chazy, Black River and Tren-86 

ton groups, and the Utica Shale, were then covered by the overlying Upper Ordovician turbidite 87 

and molasse units of the Sainte-Rosalie, Lorraine and Queenston groups. The Utica Shale consti-88 

tutes a prospective unit for shale gas in southern Quebec (Dietrich et al., 2011; Hamblin, 2006; 89 

Lavoie, 2008; Lavoie et al., 2014). 90 

The SLP units have recorded a polyphased structural history (Pinet et al., 2014) and thus display 91 

a complex structural pattern. These events include Middle and Late Ordovician normal faulting 92 

that started at the inception of the foreland basin phase (Thériault, 2007), shortening during the 93 

Taconian orogeny (Tremblay and Pinet, 2016), and some post-Ordovician folding (Pinet et al., 94 

2008) and faulting (Sasseville et al., 2008; Tremblay et al., 2013). Normal faults (including the 95 

Jacques-Cartier River fault, Fig. 5) are steeply-dipping to the south and displace the basement, 96 
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the basal units of the platform and its upper units in the autochthonous domain (possibly includ-97 

ing the Utica Shale and Lorraine Group). These faults were reactivated several times during and 98 

after the building of the Appalachians, documented evidence of movement is known for the late 99 

Silurian Salinic Orogeny and the opening of modern Atlantic (Castonguay et al., 2001; Faure et 100 

al., 2004; Konstantinovskaya et al., 2009; Sasseville et al., 2012; Séjourné et al., 2003; Tremblay 101 

and Pinet, 2016). A summary of the depositional environment and the major tectonic events that 102 

affected rock of the SLP is presented in Fig. 3. 103 

In the autochthonous domain, the near surface Upper Ordovician units (post-Utica Shale) are 104 

folded by the regional Chambly-Fortierville syncline. This fold is asymmetric with more steeply-105 

dipping beds in the southern flank (28°) than in the northern flank (10°) (Fig. 4a). Its axis is 106 

roughly parallel to the limit between the SLP and the Appalachians. To the southeast, the Aston 107 

fault and the Logan’s Line belong to a regional thrust-fault system that limits the parautochtho-108 

nous domain (Fig. 2 and Fig. 5). Reprocessing and reinterpretation of an industrial 2D seismic 109 

line (using two well calibration points) was proposed in (Lavoie et al., 2016) and showed that in 110 

the Saint-Édouard area, the parautochthonous domain forms a triangle zone delimited to the 111 

northwest by a NW-dipping backthrust and by the SW-dipping the Logan’s Line to the SE (Fig. 112 

5). The existence of a triangle zone bounding the southern limb of the Chambly-Fortierville is 113 

supported by previous interpretations done in the SLP (Castonguay et al., 2006; Castonguay et 114 

al., 2003; Konstantinovskaya et al., 2009). These thrusts/backthrusts are associated with the 115 

Middle to Late Ordovician Taconian Orogeny (St-Julien and Hubert, 1975). In the parautochtho-116 

nous domain, a southeast-dipping system of thrust faults displays imbricated thrust geometries 117 

(Castonguay et al., 2006; Séjourné et al., 2003; St-Julien et al., 1983). Some northeast-striking 118 

folds also affect the parautochthonous units (Fig. 4b). The Logan’s Line marks the fault-contact 119 
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between the SLP and the allochthonous external Humber zone (St-Julien and Hubert, 1975) (Fig. 120 

5). 121 

The present-day in-situ maximum horizontal stress (SHmax) orientation is NE–SW in the SLP as 122 

previously proposed using borehole breakouts orientations (inferred from four-arm dipmeter cal-123 

iper data) (Konstantinovskaya et al., 2012). This trend is relatively consistent with the large-scale 124 

trend documented in eastern North America (Heidbach et al., 2009; Zoback, 1992). The stress-125 

es/pressure gradients estimated in the platform indicate a strike-slip stress regime 126 

(Konstantinovskaya et al., 2012). As the regional faults of the SLP are oblique to the actual 127 

SHmax, a reactivation of these structures under the current stress field remains possible 128 

(Konstantinovskaya et al., 2012) but has not yet been documented. 129 

Organic matter reflectance data indicates that at least 3 and 4.7 km of sediments have been erod-130 

ed in the SLP (Sikander and Pittion, 1978) and in the frontal part of the Chaudière Nappe in the 131 

Quebec City area (Ogunyomi et al., 1980), respectively. Later studies showed that there was an 132 

increasing thickness of eroded sediments from about 5 to 7 km from northeast to southwest in the 133 

SLP (Héroux and Bertrand, 1991; Yang and Hesse, 1993). 134 

2.2 The intermediate zone (caprock) and reservoir units of the Saint-Édouard area 135 

The Utica Shale is overlain by autochthonous units (the Nicolet Formation - Lorraine Group and 136 

the Lotbinière Formation – Sainte-Rosalie Group) and parautochthonous units (Les Fonds For-137 

mation – Sainte-Rosalie Group). These units constitute the intermediate zone (caprock) in the 138 

Saint-Édouard study area. 139 

The Utica Shale (Upper Ordovician) is made of limy mudstone that contains centi- to decimetric 140 

interbeds of shaley limestone (Globensky, 1987; Lavoie et al., 2008; Theriault, 2012). It is divid-141 
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ed in two members (Upper and Lower). The Lower Utica Shale contains more limestone inter-142 

beds than the Upper Utica Shale. In the Saint-Édouard area, the thickness of the Utica Shale 143 

ranges from 200 to 400 m (Fig. 5). The autochthonous Lotbinière Formation (Sainte-Rosalie 144 

Group) and the parautochthonous Les Fonds Formation (Sainte-Rosalie Group) are time- and 145 

facies correlative units of the Utica Shale (Lavoie et al., 2016) (Fig. 2). The Utica Shale, Lotbi-146 

nière and Les Fonds formations display a similar lithofacies of black calcareous mudstone with 147 

thin beds of impure fine-grained limestone but differs by their organofacies (Lavoie et al., 2016). 148 

The Lotbinière Formation is made of gray-black micaceous shale with rare interbeds of calcare-149 

ous siltstones (thickness <10 cm) and is outcropping north of the Jacques-Cartier River normal 150 

fault (Belt et al., 1979; Clark and Globensky, 1973). In the parautochthonous domain, the Les 151 

Fonds Formation is mainly composed of shale with less abundant fine-grained limestones and 152 

conglomerates (Comeau et al., 2004). The Nicolet Formation (Lorraine Group, Upper Ordovi-153 

cian) is slightly younger compared to the previous three units (Comeau et al., 2004) and is most-154 

ly made of gray to dark-gray shale with centi- to decimetric (rarely metric) siltstone interbeds 155 

(Clark and Globensky, 1973; Globensky, 1987). Upward, there is a decrease of the shale content 156 

and an increase in the number and thickness of the sandstone beds (Clark and Globensky, 1976). 157 

In the Saint-Édouard area, the thickness of autochthonous and parautochthonous intermediate 158 

zone units (i.e., above the Utica Shale) progressively increases from 400 m to 1900 m from 159 

northwest to southeast (Fig. 5). 160 

 161 

Insert Fig. 1 to 5 here. 162 

 163 

3 Methodology 164 
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In this study, the term “fracture” refers to metric scale planar discontinuities that affect the rock 165 

mass without visible displacement.  166 

3.1 Data sources 167 

Fracture data were collected and compiled in the Saint-Édouard area using different methods. 168 

Fifteen outcrops were investigated (Fig. 1). Borehole logs includes acoustic, optical and electric 169 

logs that have different resolutions. Typically, electric logs have a higher resolution than acoustic 170 

and optical tools. Interpretation were then done in the light of these scale differences. Acoustic 171 

and optical televiewer logs from eleven shallow (15 to 147 m deep in the bedrock) groundwater 172 

monitoring wells drilled for the project (Crow and Ladevèze, 2015) were also studied. Moreover, 173 

Formation Micro Imager (FMI) data from three deep shale gas wells were interpreted. The wells 174 

referenced by the oil and gas geoscience information system of the Ministère des Ressources 175 

naturelles of Quebec under the numbers A266/A276 (Leclercville n°1), A279 (Fortierville n°1) 176 

and A283 (Sainte-Gertrude n°1) were used. To simplify the nomenclature in the current paper, 177 

they are hereafter referred to as A, B and C, respectively (Fig. 1). FMI data from the vertical sec-178 

tions of wells A, B and C cover the following ranges of depth: 1470-2080 m for well A, 560-179 

2320 m for well B and 590-2050 m for well C; this includes the Utica Shale and variable por-180 

tions of the overlying Lorraine Group. Each of these wells also includes a horizontal section 181 

(“horizontal leg”) in the Utica Shale (1000, 970 and 920 m long, for wells A, B and C respective-182 

ly) for which FMI data was also available. For a history of the recent shale gas exploration in the 183 

study area, refer to Lavoie et al. (2014) and Rivard et al. (2014). The characteristics of the meas-184 

urement stations are summarized in Table 1. 185 

 186 

Insert Table 1 here. 187 
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 188 

3.2 Fracture assessment  189 

Common geometrical attributes of fractures were measured: attitude, spacing, crosscutting rela-190 

tionships between fractures and other geological structures (such as syn-sedimentary concre-191 

tions). These attributes were documented all along the boreholes using acoustic and electrical 192 

logs. As most of the outcrops were limited in size and were displaying only sparsely distributed 193 

fractures, their attributes were systematically measured in the exposed surfaces. 194 

3.2.1 Fracture sets 195 

For each measurement station (outcrop or well), fracture poles were plotted on stereonets using 196 

the SpheriStat™ software (Stesky, 2010). Contoured density diagrams were used to identify the 197 

mean position of the fracture sets. The poles density contours of borehole data were corrected for 198 

sampling bias (underestimation of the frequencies for the fracture planes that are sub-parallel to 199 

the observation line) using the method of Terzaghi (1965). A weight function of the angle β be-200 

tween the fracture plane and the observation line was attributed to all fracture densities. This 201 

weight w is expressed as: w=(sin β)-1 (Terzaghi, 1965). Even if mathematically valid, fracture 202 

planes with low β values are overestimated with this method (Park and West, 2002). For this 203 

reason, an arbitrary 10° blind zone was used in the analysis (fractures sub-parallel to the observa-204 

tion-line are excluded). 205 

When clear crosscutting relationships were observed on outcrops, the relative timing of fracture 206 

sets formation could be defined. In borehole data, it was rarely possible to identify such relation-207 

ships. In this case, the main attitude for fracture set attitudes were compared to adjacent outcrops 208 

data (if existing) to define a hypothetical relative timing for the formation of the fracture sets. 209 
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If fracture poles are scattered in stereonets, only the maximum pole concentration is taken into 210 

account. To better identify the major fracture sets in such cases (generally the case of outcrops or 211 

shallow wells that displays significant folding), a fold test was performed on fracture data in or-212 

der to calculate the fracture attitudes prior to folding events. Results from this test were also used 213 

to further assess the relative chronology of fracture sets formation and folding. The rotation ap-214 

plied to fracture attitudes corresponds to the angle of rotation of the bedding plane after a folding 215 

event. Two generations of folds have previously been documented in the autochthonous domain 216 

in the Saint-Édouard area: F-I (first generation: Chambly-Fortierville syncline) and F-II (second 217 

generation) (Pinet, 2011). To consider the effect of the two generations of folds, the analysis was 218 

performed in two steps. First, the fracture plans were replaced back to their original attitude prior 219 

to F-II folding. As the F-II fold axes are sub-horizontal, the first step consists in correcting the 220 

strike direction of fracture planes according to the strike angle between fold-I and fold-II axes. 221 

The second step aims at correcting the fracture plans back to their attitude prior to F-I folding. 222 

This was done by tilting back the fracture planes around the F-I axis (N233/04, Fig. 4) with an 223 

angle corresponding to the structural dip (angle between the bedding plane attitudes in each 224 

measurement station and the horizontal). In the parautochthonous domain, a single folding event 225 

was easily observable in the field and fracture plans were back-tilted along the regional F-I axis 226 

(N235/03 Fig. 4). A better fracture set concentration after rotation is a strong indicator of its pre-227 

folding origin. To quantify the degree of concentration of attitude data, the parameter k was cal-228 

culated for both the original and rotated fracture sets. This parameter quantifies the degree of 229 

data dispersion on a sphere/stereonet (Fisher, 1953). The higher the values of k, the more the 230 

data are concentrated in the stereonet (Fiore Allwardt et al., 2007). 231 

3.2.2 Fractures distribution 232 
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In the document, the term “spacing” refers here to the perpendicular distance between two adja-233 

cent fracture planes of similar attitude. Measuring or estimating spacing thus requires first a clas-234 

sification of the fractures into coherent fracture attitude set. The fractures densities correspond to 235 

the number of fractures (regardless of their attitudes) per unit distance along a line. They were 236 

calculated along the wells using a counting window of various lengths. Each fracture density 237 

value was then normalized by the window lengths. All fracture densities were corrected using the 238 

Terzaghi method. In the same way, fracture frequencies correspond to the number of fractures 239 

from a specific set per unit distance along a line. 240 

To further explore the process of fracturing in siltstone units, the fracture spacing was plotted 241 

against bed thicknesses (fractures are bed-confined in siltstone to the contrary of shale in the 242 

studied area). Values of the ratio of fracture spacing to layer thickness (the slope of the curve) 243 

were extracted from these plots and used to determine if the fracture network has attained satura-244 

tion, a concept describing the situation where whatever the applied strain, fracture spacing has 245 

attained a lower limit (or an upper limit for fracture densities) that is proportional to bed thick-246 

ness (Bai et al., 2000; Wu and D. Pollard, 1995). 247 

Geostatistical tools were used to assess the degree of spatial correlation of each fracture set 248 

(Chilès, 1988; Escuder Viruete et al., 2001; Miller, 1979; Tavchandjian et al., 1997; Valley, 249 

2007; Villaescusa and Brown, 1990). In other words, the use of geostatistics can help define the 250 

spatial organization of fractures when they seem to have a totally random spatial distribution in 251 

the rock mass. The knowledge of the spatial distribution of fractures can be used to develop dis-252 

crete fracture network (DFN) models to further assess the fracture control on fluid flow (Caine 253 

and Tomusiak, 2003; Dershowitz et al., 1998; Min et al., 2004; Surrette et al., 2008). 254 
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Variogram analyses were thus performed on spacing data for each fracture set in the horizontal 255 

section of the three deep wells. A formal definition of the experimental variogram γ(h) (m2) for 256 

fracture spacing data is presented in Eq. (1). 257 

( ) ( ) ( )γ
=

 = − + ∑
2

1

1
2

n

i i i
i

h z x z x h
n

  Eq. (1) 258 

where, n is the number of fractures separated by a distance h (this calculation interval is also 259 

called “lag”), z(xi) is the fracture spacing value at the distance xi. An experimental variogram 260 

presents the γ values successively calculated for increasing h values. The shape of the experi-261 

mental variogram is used to assess if the available data have a spatial correlation that could be 262 

represented by a theoretical model. If so, the nugget value in the experimental variogram must be 263 

lower than the variance of the entire dataset for the correlation in fracture spacing to be consid-264 

ered present (reflecting fracture clustering). The range value in the variogram provides the max-265 

imum distance for fracture spacing clustering. In geological terms, this range of influence means 266 

that two samples spaced farther apart than this distance are likely not correlated (and thus con-267 

sidered independent) (Miller, 1979). 268 

3.2.3 Fracture and rock mechanical properties 269 

The potential for fracture propagation in rocks is controlled by their brittleness (Ding et al., 270 

2012; Lai et al., 2015; Meng et al., 2015). The Brittleness Index is an empirical parameter that is 271 

widely used to quantify the ability of a rock unit to fracture (Wang et al., 2015). In the Saint-272 

Édouard area, this parameter was previously estimated from borehole logs acquired in the deep 273 

gas wells using the Grieser and Bray (2007) and the Glorioso and Rattia (2012) methods 274 

(Séjourné, 2017). These methods are respectively based on the acoustic (compressional and shear 275 

wave velocity logs) and mineralogical (derived from elemental spectroscopy logs) properties of 276 
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the shale. In the current paper, the relationship between fracture densities and brittleness varia-277 

tions in the Lorraine Group and Utica Shale was explored. 278 

4 Results 279 

4.1 Fractures in shales 280 

Two fracture types were observed in shale units: steeply-dipping fractures (F1, F2 and F3) and 281 

bedding-parallel fractures (BPF). Examples of observed fractures on outcrops are presented in 282 

Fig. 6. In the vast majority of outcrops, fractures are planar and exhibit clear crosscutting rela-283 

tionships. For this reason, it was possible to sort the high-angle fractures in three sets that are 284 

designated according to their relative order of formation (F1, F2 and F3 sets; F1 is the older set). 285 

Fractures were also only bed-confined in siltstones. 286 

To facilitate the classification of fractures in sets, a fold test analysis was done using data from 287 

outcrops and shallow wells that were affected by folding events that could be clearly identified in 288 

the field (i.e. outcrops affected by folds F-II and F-I). Fracture attitudes from outcrops and values 289 

of the associated parameter k (which quantifies the data concentration in the stereonets) are pre-290 

sented in Fig. 8. In the autochthonous domain, an improved concentration of fracture poles was 291 

obtained for F1 and F2 sets after rotation prior to the second generation of folds (F-II). Then, 292 

removing the effects of F-I fold improved even more the concentration of F1 fractures, but had 293 

no effect on the concentration of F2 fractures. This strongly suggests a pre-F-I folding origin for 294 

the F1 set, and a pre- to syn-F-II origin for F2 fractures. To the contrary, the concentration of the 295 

F3 fracture set was reduced after removing both F-II and F-I effects, thus supporting a syn- to 296 

post F-II folding origin for this F3 set. One fold generation was clearly observed in the parau-297 

tochthonous domain (other fold generations may exist but were hardly observable on outcrops). 298 
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This regional folding corresponds to the first fold generation (F-I) documented in the autochtho-299 

nous domain. The fold test showed that a better concentration was obtained for the F1 set when 300 

rotated prior to folding, confirming a potential pre-F-I origin for F1 fractures. Results for the F2 301 

fracture set show a slight, probably poorly significant, reduction of concentration and the timing 302 

remains not well constrained on the basis of the fold test. 303 

Fracture sets F1 and F2 are pervasive in both the autochthonous and parautochthonous domains. 304 

They strike NE (F1) and NW (F2) (Fig. 7), with F2 abutting against F1 (Fig. 6a and b). F1 and 305 

F2 are perpendicular to each other and orthogonally crosscut the bedding planes (S0). F1 frac-306 

tures are locally concentrated in corridors (as in Fig. 6b). The third fracture set (F3) is only doc-307 

umented in the autochthonous domain. F3 strikes WNW and is sub-vertical (dip >80°) whatever 308 

the bedding planes attitudes (Fig. 7). F3 generally crosscuts F1 and F2 and was not observed at 309 

all sites. All three fracture sets were documented in shallow and deep data. Finally the BPF were 310 

only observed at shallow depth. 311 

Detailed fracture length measurements were limited to the size of the outcrops. Thus, only semi-312 

quantitative fracture length estimations are here proposed. Fracture lengths for the F1 and F2 sets 313 

were approximately between 2 and 5 m. The maximum observed fracture lengths were ranging 314 

between 10 and 30 m. F1 fractures display lengths higher than F2 fractures, as F2 abut F1 frac-315 

tures. Due to the limited number of outcropping F3 fractures, no realistic estimate of fracture 316 

lengths for this set was possible. Finally, because some fractures locally extend beyond the limit 317 

of the outcropping areas, length estimation values must be considered with caution. 318 

Some intervals in the black shales of the Lotbinière Formation (northern part of the study area) 319 

display oval-shaped carbonate concretions (maximum diameter of up to 1.5 m; length-to-width 320 

ratio around 1.5). The metabolic activity of sulfate-reducing and methanogen bacteria that oc-321 
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curred shortly after the inception of burial of organic matter-rich sediments under anoxic condi-322 

tions are responsible for the formation of these concretions (Mozley and Davis, 2005). In the 323 

Lotbinière Formation, 15 fractures were identified passing around such concretions without 324 

crosscutting them (Fig. 6c). Such a relationship is interpreted as an indicator of natural fractures 325 

propagation in the presence of abnormal fluid pressure in response to the shale thermal matura-326 

tion and to the gas generation in a context of deep burial (McConaughy and Engelder, 1999). 327 

 328 

Insert fig. 6 to 8 here. 329 

 330 

Statistics on fracture spacing data from outcrops and boreholes are presented in Fig. 9. Median 331 

values in shale outcrops are significantly for F1 than for F2 (0.20 to 0.28 m for F1; 2.4 to 2.93 m 332 

for F2). The same trend is observed in the shale gas wells (0.14 m for F1 and 2.93 m for F2). 333 

Lower and upper quartiles for fracture spacing also extend over a significantly larger interval for 334 

the F2 set than for the F1 set, suggesting a more scattered spatial distribution of F2 fractures, 335 

especially in the Utica Shale. In the deep wells, the mean value for F3 spacing (0.11 m) is slight-336 

ly lower than that of the F1 value. 337 

 338 

Insert fig. 9 here. 339 

 340 

To the contrary of F2 fractures, both F1 and F3 fractures spacing data from outcrops and shale 341 

gas wells seems to follow a power law distribution (exponent values around 1), see Fig. 10. In 342 

this figure, spacing value less than 0.05m (resolution of the observation methods) and higher 343 
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than 10 m (upper limit of statistical homogeneity) were excluded for the regression calculation. 344 

Following Bonnet et al. (2001), this may reflect the scale invariance of the fracture spacing for 345 

these two sets. The existence of the power law distribution must be interpreted with care as our 346 

dataset is affected by both censoring bias (high fracture spacing is not sampled due to the limited 347 

size of outcrops and well sections) and truncation bias (limitation due to tools resolution). Then, 348 

the scale range of observations did not extend two orders of magnitude as suggested by Bonnet et 349 

al. (2001). Despite this limitation, the specific trend for F2 fractures distribution may be ex-350 

plained by the relative timing of fracture formation. If F2 fractures lengths are constrained by F1 351 

spacing, F2 spacing may not be scale invariant. This further support the possibility of a succes-352 

sive formation of F1 and F2 fractures. 353 

 354 

Insert fig. 10 here. 355 

 356 

All experimental variograms of the fracture sets obtained from horizontal legs of wells A, B and 357 

C show nugget values much lower than the variance of the entire sample (Fig. 11), implying that 358 

there is a correlation in fracture spacing. Therefore, fracture distributions display some cluster-359 

ing. F1 fractures display ranges values between 30 and 150 m. Variograms for the F2 and F3 set 360 

display ranges from 12 to 30 m, and 60 to 100 m respectively. Some concentration of F1 frac-361 

tures (with significantly higher F1 fracture frequencies than other fracture sets) were identified in 362 

the horizontal well A (in the Utica Shale). This high frequency of F1 fractures is consistent with 363 

outcrop observations where F1 fractures spacing are lower than F2 and F3 spacing. This may be 364 

interpreted as the presence of F1 fractures corridors (see for instance Fig. 12: F1 fractures are 365 

closely spaced on distances of around 40 m and separated by approximately 100 to 200 m). 366 
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 367 

Insert fig. 11 and 12 here. 368 

 369 

In the deep zone, fracture density vertical profiles generally display localized fractured intervals 370 

separated by vertical distances ranging from 10 m to 300 m. Fig. 13 only presents the fracture 371 

density and Brittleness Index (BI) variation with depth for well B, but they can be considered 372 

representative of those found in wells A and C. Higher fracture densities and BI values were 373 

generally measured in the Utica Shale. This suggests that these two parameters could be correlat-374 

ed. In specific depth intervals in well B, some high fracture densities values correlates with low 375 

BI values (see the contact between the Upper and Lower Utica in Fig. 13). Geomechanical con-376 

trasts in the vicinity of these lithological contacts may explain the occurrence of these higher 377 

fracture density intervals. 378 

 379 

Insert fig. 13 here. 380 

 381 

4.2 Fractures in siltstone interbeds 382 

Data from outcrops showed that the siltstone interbeds are crosscut by the same fracture sets as 383 

those cutting across the shale (F1, F2 and F3) (Fig. 14a and b). However, contrary to shale units, 384 

fractures are stratabound in siltstone units, with only a few F1 fractures intersecting both silt-385 

stone and shale beds (Fig. 14c). F1 fractures are also generally longer than F2 fractures. F2 frac-386 

tures abut F1 fractures and F2 fracture lengths generally equal to F1 fracture spacings (Fig. 14b). 387 

Fracture density in the siltstone beds is significantly higher than in shale intervals, with spacings 388 
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lower than 1 m for both F1 and F2 fracture sets. Fractures were regularly spaced all along the 389 

outcrops. There is also a strong correlation between siltstone bed thickness and fracture spacing 390 

as shown in Fig. 15b. The calculated ratios of fracture spacing to layer thickness are respectively 391 

1.29 and 1.43 for the F1 and F2 fracture sets. 392 

 393 

Insert fig. 14 and 15 here. 394 

 395 

5 Discussion 396 

5.1 Fracture pattern 397 

5.1.1 Main controls on fracture distributions 398 

The differences in fracture distribution between the Lorraine Group shales and the Lorraine 399 

Group siltstones, and also between the Lorraine Group shales and the Utica Shale, suggest that 400 

these distributions are lithologically controlled. 401 

Differences in fracture distributions were observed between shales and siltstones of the Lorraine 402 

Group. In Lorraine Group shales, the F1 spacing is lower than the F2 spacing (see a visual ex-403 

ample in Fig. 6b) and F1 and F2 fracture are probably organized in corridors. In siltstone units of 404 

the Lorraine Group, F1 and F2 fractures are more homogeneously distributed and display equiva-405 

lent spacing values (see a visual example in Fig. 14). Fractures in siltstone units are also limited 406 

by the bed thickness (which rarely exceeds 1 to 2 m) and this parameter is correlated with frac-407 

ture spacing (Fig. 15); this was also observed in many sedimentary basins (Bai et al., 2000; 408 

Gross, 1993; Ji and Saruwatari, 1998; Ladeira and Price, 1981; Narr and Suppe, 1991). It was 409 
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thus possible to evaluate the fracture saturation in siltstones, based on estimated fracture spacing 410 

to layer thickness ratios. According to the threshold interval of ratio values (0.8 to 1.2) proposed 411 

in Bai and Pollard (2000) and Bai et al. (2000), F1 and F2 fracture spacing would be at saturation 412 

in siltstone units (ratios of 1.29 and 1.43 respectively above the threshold interval of ratio val-413 

ues). Contrasts in mechanical properties between shales and sandstones (the sandstone being 414 

more brittle with a higher Young’s modulus) induce a preferential fracturing of sandstones 415 

(Engelder, 1985; Laubach et al., 2009). This could explain the higher observed fractures densi-416 

ties in the siltstones of the SLP. However, this must be considered cautiously as mechanical 417 

property differences between siltstone and shale units were not estimated throughout the SLP. 418 

This estimation is challenged by the presence of a significant amount of clay in both units 419 

(Séjourné et al., 2013); see also the low BI variations in the proximity of siltstone/shale contacts 420 

(Fig. 13). 421 

In the vertical sections of deep shale gas wells (depths > 500 m), higher fracture densities were 422 

measured in the Utica Shale compared to the Lorraine Group shales (Fig. 13). This is in agree-423 

ment with the highly fractured horizontal portions of the shale gas wells completed into the Utica 424 

Shale compared to the lower density of steeply-dipping fractures observed in the outcropping 425 

Lorraine Group units. In contrast, fracture spacing and strike direction values are similar in the 426 

outcropping Lorraine Group units and in the deep Utica Shale (Fig. 7 and Fig. 9). This could be 427 

interpreted as fracture corridors being more common in the Utica Shale compared to caprock 428 

units. Therefore, when drilling a well through the entire sedimentary succession, there is higher 429 

probability of intersecting fracture swarms in the Utica Shale than in overlying units. The Utica 430 

Shale is more calcareous than the clayey Lorraine Group shale (Globensky, 1987; Lavoie et al., 431 

2008; Theriault, 2012) resulting in overall higher Brittleness Index (BI) values for the Utica 432 
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Shale than the overlying shale units (Séjourné, 2017). Brittle shale units are more likely to be 433 

affected by a dense natural fracture network than ductile shale (Ding et al., 2012; Lai et al., 434 

2015). 435 

5.1.2 Use of analogs to characterize the caprock 436 

The relationships between the three fracture sets (F1, F2 and F3) and the two regional fold gen-437 

erations was assessed by applying a fold test on shallow fractures. This analysis supports a syn- 438 

to post F-II folding origin for the F3 set. Conversely, the F1 and F2 fractures were probably de-439 

veloped before (or possibly during for F2) the main deformation/folding episodes that shaped-up 440 

the SLP (F-II and F-I folds). Therefore, the nowadays shallow structures should have been 441 

formed at depth before the removal of the overburden by erosion. The presence at reservoir 442 

depths of F3 fractures also discards their potential shallow formation after erosion. 443 

Vitrinite reflectance data has shown that, at least regionally, around 5 km of overburden have 444 

been eroded in the SLP (Héroux and Bertrand, 1991; Yang and Hesse, 1993). At these depths, 445 

the fractures propagate according to the regional stress field orientation and thus display com-446 

mon orientations. Because shallow and deep fracture networks display common characteristics 447 

(especially in terms of fracture attitudes and spacing) and because of the burial history of the 448 

Saint-Édouard area, it is suggested that shallow fractures in shallow units were formed at depth 449 

and hence, had recorded the same tectonic events as fractures in deep units. Consequently, shal-450 

low and deep observations can be used to assess the fracture pattern in the intermediate zone. 451 

No conclusion can be drawn regarding the initiating mechanism for fracture propagation. The 452 

latter could result from an increase of the greatest compressive stress during regional shortening, 453 

a decrease in the least compressive stress caused by regional extension, or an increase in pore 454 

pressure (which could also be associated with the first two mechanisms). It must be noted that an 455 
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abnormal pore pressure related to the thermal maturation of organic matter is more likely to have 456 

occurred in the Lotbinière Formation, Les Fonds Formation and Utica Shale, as these units dis-457 

play higher organic content than the Lorraine Group units (Haeri-Ardakani et al., 2015; Lavoie et 458 

al., 2016). In the Lotbinière Formation, the crosscutting relationship between fractures and cal-459 

careous concretions indicated that some fractures could have been initiated in a context of ab-460 

normal pore pressure. 461 

The use of analogs can be controversial if the regional geologic history is not well understood. 462 

The presence of shallow unloading fractures that display the same attitudes as some of the deep 463 

fractures is not discarded. Nonetheless, as a deep fracture dataset was available in the area, it was 464 

possible to infer that the density of possible shallow unloading fractures (developed under the 465 

control of either thermal-elastic contraction during uplift or erosion) is likely marginal, as frac-466 

ture spacings are comparable in both shallow and deep intervals. 467 

5.1.3 Conceptual models 468 

In the Saint-Édouard area, the steeply-dipping fractures and BPF are assumed to be pervasive 469 

throughout the sedimentary succession, from the shallow aquifers to the gas reservoir (Utica 470 

Shale) and hence, throughout the intermediate zone. The F1 and F2 sets are orthogonal to each 471 

other and to the bedding planes. F1 fractures may be concentrated in corridors but this pattern 472 

remains to be confirmed. F1 and F2 fracture sets are also present in siltstone units and observa-473 

tions on outcrops showed that these sets are more homogeneously distributed in this unit (similar 474 

F1 and F2 spacing values). A third fracture set (F3) was observed in the Utica Shale and locally 475 

in the Lorraine Group, where these fractures are more sparsely distributed. A fourth set, corre-476 

sponding to BPF, was only observed in shallow shale units within the upper 60 m of bedrock. 477 

The observation of BPF was easier at shallow depth because their aperture is enhanced in this 478 
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interval, probably as a consequence of glaciations/de-glaciations events or de-compaction in a 479 

context of erosion and uplift. However, some BPF should exist at depth in the study area as in 480 

many other shale successions (Gale et al., 2015; Gale et al., 2016; Wang and Gale, 2016). 481 

A conceptual model integrating all the elements acquired about the fracture pattern affecting the 482 

sedimentary succession of the Saint-Édouard area is proposed in Fig. 16. Schematics of the frac-483 

ture network were developed using two scales to better represent their characteristics and fea-484 

tures: the mesoscale (1 km blocks in Fig. 16a, b and c) and the metric (local) scale (Fig. 16d and 485 

e). The size of the metric scale blocks corresponds to the representative elementary volume 486 

(REV) of the fracture network that affects each lithological unit (shale or siltstone). A REV is 487 

defined as the minimum volume of sampling domains beyond which its characteristics remain 488 

constant (Bear, 1972). The REV properties could be used to further explore the hydraulic con-489 

trols of this fracture network in numerical models with a Discrete Fracture Networks (DFN) ap-490 

proach. For stratabound fractures, such as those in the siltstone units, the size of the REV (a met-491 

ric scale block) should be at least one or two times larger than the mean fracture spacing (Odling 492 

et al., 1999). Thus, for the highly fractured siltstone units, a REV of 0.5 m size can be defined 493 

(Fig. 16e). For non-stratabound systems, such as in the shale units, it is recommended to define a 494 

REV larger than the maximum mean trace length of fractures (Voeckler, 2012); in fact, a size at 495 

least three times larger than the mean trace is suggested (Oda, 1985, 1988). The approximate 496 

maximum mean fracture length observed in shale units is 5 m. For this reason, a 15 m long REV 497 

is proposed (Fig. 16d). However, due to the lack of large outcropping areas in the Saint-Édouard 498 

area, more fracture length measurements would be recommended in neighbouring areas for a 499 

finer estimation of the REV dimensions in shale units. It must be kept in mind that these REV 500 

are theoretical volumes that could not exist in the field due to the complexity and continuity of 501 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

24 

fluid flow circulation in the fracture network (Kulatilake and Panda, 2000; Neuman, 1988). 502 

However, in a context of low porosity and permeability rock in the SLP (BAPE 2010; Séjourné, 503 

2015; Séjourné et al., 2013), fluid circulation can only be envisioned through open fractures and 504 

very little within the matrix. Therefore, the definition of a REV is simply a first step to better 505 

assess the control of fractures on fluid flow. 506 

 507 

Insert fig. 16 here. 508 

 509 

5.2 Implications for the assessment of potential upward fluid migration 510 

5.2.1 Limits of the conceptual model 511 

In the Saint-Édouard area, the caprock and shale gas reservoir are affected by several fracture 512 

sets that are pervasive throughout the region and the entire stratigraphic succession. The experi-513 

mental variograms showed that fractures are clustered and the parameters extracted from semi-514 

variograms could be used for other studies to generate simulation of stochastic fracture networks 515 

fracture (in DFN models for example). Scale-dependant change in structure, such as the exist-516 

ence of fracture corridors, could not be identified using these variogram as this approach as-517 

sumes that fracture spacing is a scale-independent continuous variable. As a consequence to fur-518 

ther assess the heterogeneity of this fracture pattern, gains could be obtained by the use of pa-519 

rameters such as lacunarity which describes the scale-dependant changes in fracture patterns 520 

(Roy, 2013; Roy et al., 2014). For the specific case of the Saint-Édouard area, more field data 521 

would be necessary to rigorously document this entire range of heterogeneity. At regional scale, 522 

the progressive deepening of the platform to the southeast may also have had a control on small 523 
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and large scale fracturing but it could not be confirmed with the existing datasets in the studied 524 

area. 525 

In addition, the outcropping areas were limited in size and number and borehole data cannot pro-526 

vide any direct observation of fracture lengths. As a consequence, the vertical extension of frac-527 

tures, and thus the vertical continuity of the fracture network between the deep gas reservoir and 528 

shallow aquifers cannot be undoubtedly determined solely based on the currently available struc-529 

tural datasets. This highlights the limits of using analogs when regarding to the potential exist-530 

ence of large-scale preferential fluid flow pathways in a sedimentary succession. However, the 531 

approach is particularly useful in fracture network characterisation studies, to make up for the 532 

frequent lack of data in some specific geological intervals. 533 

5.2.2 New insights for the assessment of potential upward fluid migration 534 

As direct observations of the vertical extent of structural discontinuities are challenged by the 535 

limits of the available datasets and methods, data from other fields should be acquired to assess 536 

the potential of upward fluid migration through the caprock. For instance, isotopic signatures of 537 

gas in both rock and groundwater would provide good indicators to identify a potential hydraulic 538 

connection between the deep reservoir and the surficial aquifers. In addition, the assessment of 539 

the geomechanical properties of the different units within the intermediate zone would provide 540 

evidence of the presence or absence of ductile strata that would control the fracture length. To 541 

further explore the hydraulic controls imposed by the presence of fractures and faults, one should 542 

also consider the four following points: 1) the role of individual fractures on fluid flow and espe-543 

cially their aperture throughout the stratigraphy; 2) the existence of open fractures associated 544 

with regional-scale structural discontinuities, such as fault damage zones; 3) the evaluation of 545 

hydraulic properties of these regional-scale features; 4) the driving mechanisms that would sup-546 
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port upward fluid flow in these pathways (if any) throughout the entire stratigraphic succession 547 

(deep shale gas reservoir, intermediate zone and shallow aquifers). 548 

6 Conclusion 549 

The natural fracture pattern in both the shallow aquifers and the deep shale gas reservoir of the 550 

Saint-Édouard area was characterized using a combination of fracture data from outcrops and 551 

well logs (acoustic, optical and micro-resistivity). Three steeply-dipping fracture sets, as well as 552 

bedding-parallel fractures were documented. The three high-angle fracture sets are common to 553 

both shallow and deep units with similar characteristics such as fracture attitude and spacing. For 554 

this reason and based on the regional geologic history, these fracture sets could be used as ana-555 

logs for those within the intermediate zone for which little to no data were available. These frac-556 

ture sets are pervasive throughout the region, but they are heterogeneously distributed. Concep-557 

tual models of the fracture pattern were developed at metric to kilometric scales. Nonetheless, 558 

due to the limitations of the observation methods and the near absence of data for the intermedi-559 

ate zone, the vertical extension of natural fractures, which represents a critical parameter for aq-560 

uifer vulnerability, still remains elusive. The comprehensive assessment of the caprock integrity 561 

should also be based on geomechanical properties of the different caprock units, on gas and 562 

groundwater geochemistry to provide evidence for potential upward migration and on the defini-563 

tion of potential hydraulic properties of fractures, fault planes and associated damage zones iden-564 

tified in the Saint-Édouard area, as well as their in situ hydrological conditions. 565 

This paper highlighted the benefits of combining datasets from the shallow and deep intervals in 566 

fracture network characterization. It also pointed out the limitations of using analogs to assess 567 

the potential impacts of shale gas activities on shallow fresh groundwater. Even if these results 568 
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are strictly valid for the Saint-Édouard area, the methodology used to characterize the fracture 569 

network in the caprock interval using geoscience data from the shallow and deep geological in-570 

tervals could be used in other shale gas plays where lithologies are dominated by shale units. The 571 

approach could also be used in other fields, such as in geothermal energy or deep geological car-572 

bon sequestration projects, where the fracture pattern and the integrity of a rock mass relative to 573 

fluid flow must be assessed. 574 
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Table 1. List of measurement stations 853 

 854 

Fig. 1. The Saint-Édouard area location and its geological context: a. location of the St. Law-855 

rence Platform; b. geological framework of the St. Lawrence Platform (modified from Globen-856 

sky (1987)); c. geological map of the Saint-Édouard area (Clark and Globensky, 1973; Globen-857 

sky, 1987; Lavoie et al., 2016; Thériault and Beauséjour, 2012). Faults represented as dashed 858 

lines indicate interpreted shallow faults projected from seismic data. J.-C. River fault: Jacques-859 

Cartier River fault; C.-F. syncline: Chambly-Fortierville syncline ; Gp. : Group ; Fm. : Forma-860 

tion. 861 

 862 

Fig. 2. Stratigraphy of the Saint-Édouard area units (modified from Konstantinovskaya et al. 863 

(2014). Gp. : Group ; Fm. : Formation. 864 

 865 

Fig. 3. Tectonic calendar recorded in the studied area, modified from Lavoie (2008). 866 

 867 

Fig. 4. Stereographic projection (lower hemisphere Schmidt stereodiagram) of the bedding plane 868 

attitudes measured  in the autochthonous (a.) and parautochthonous (b.) domains. Each pole cor-869 

responds to the mean bedding plane attitude measured on each outcrop and shallow well in the 870 

Saint-Édouard area. C.F. syncline: Chambly-Fortierville syncline; n: number of measurement 871 

sites (outcrops or wells). 872 

 873 
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Fig. 5. Cross-section in the Saint-Édouard area (see Fig. 1 for location). Interpretation proposed 874 

by Lavoie et al. (2016) and based on industrial seismic data. Gp: Group. 875 

 876 

Fig. 6. Examples of fracture observations on outcropping shales: a. and b. Fracture sets 1 and 2 877 

abutting relationships in the outcropping Lorraine Group (a; site 10) and Les Fonds Formations 878 

(b; site 17). The gray dots highlight the abutting relationships between fracture sets; d. example 879 

of a fracture that abuts a calcareous concretion at site 6. 880 

 881 

Fig. 7. Attitudes of the fracture sets identified in wells and outcrops intersecting shales in the 882 

Saint-Édouard area. The mean fracture sets and bedding planes attitudes estimated for each sta-883 

tion are compiled in the “synthesis” stereonets. Fracture and bedding planes poles are plotted in a 884 

lower hemisphere Schmidt representation. For outcrop data, contoured densities are not signifi-885 

cant as they vary with the number of features measured in each outcrop (a function of the out-886 

crop and well dimensions); densities were corrected for the sampling bias in borehole data. J.-C.: 887 

Jacques-Cartier; C.-F.: Chambly-Fortierville; n: number of fractures for each outcrop/well; L: 888 

length of the well section logged; 889 

 890 

Fig. 8. Fracture attitudes variations during the fold test. The fracture data used in the analysis 891 

comes from outcrops 5 & 7 to 16 (autochthonous) and from outcrop 17 and wells #10, 11 and 13 892 

(parautochthonous). Fault and fold axis locations presented in the maps were initially described 893 

in Clark and Globensky (1973) and Pinet (2011). F-I and F-II: first and second generations folds. 894 

Two folds generations were identified in the autochthonous domain and one folding event was 895 
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identified in the parautochthonous domain. The parameter k quantifies the degree of data concen-896 

tration (higher values correspond to highly concentrated data). 897 

 898 

Fig. 9. Fracture spacing measured on outcrops of the Lorraine Group shale (15 sites) and in three 899 

deep well horizontal legs located in the Utica Shale. The box plot diagrams show, from right to 900 

left, maximum, upper quartile (75th percentile), median value, lower quartile (25th percentile) 901 

and minimum fracture spacing for the F1, F2 and F3 fracture sets. 902 

 903 

Fig. 10. Fracture spacing distributions from outcrops and deep wells. The number of F3 fracture 904 

spacings measured in outcrops was insufficient to present meaningful results. 905 

 906 

Fig. 11. Experimental variograms for spacing of fractures with respect to the distance lag h along 907 

the horizontal legs of the deep wells (Utica Shale). A moving average curve was added for a bet-908 

ter identification of the trends in the calculated variograms. The horizontal line corresponds to 909 

the variance of the entire fracture spacing sample. This representation highlights the limit beyond 910 

which fracture spacing is not correlated (range) for F1, F2 and F3. 911 

 912 

Fig. 12. Fracture densities in the horizontal leg of the deep shale gas well A (Utica Shale). Frac-913 

ture frequencies were calculated using a 20 m window length every 5 m. 914 

 915 

Fig. 13. Fracture density and rock brittleness at depth: a. example of fracture density variation 916 

with depth in the deep vertical well B. Fracture densities were calculated using a 5 m window 917 
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length every 1 m and the values were corrected for sampling bias; b: mineralogical and acoustic 918 

Brittleness Index variations with depth (data from Séjourné (2017)). 919 

 920 

Fig. 14. Examples of fractures affecting siltstone beds (a and c: site 9; b: top view of the outcrop 921 

at site 11). The gray dots highlight the abutting relationships between fracture sets. 922 

 923 

Fig. 15. Geometrical characteristics of fractures in siltstone units: a. Examples of fracture atti-924 

tudes measured in siltstone outcrops at sites 9 and 11; b. Linear relationship between fracture 925 

spacing and siltstone bed thickness (data from outcrops 1, 6, 13 & 19); the term ratio in the plots 926 

corresponds to the fracture spacing to layer thickness ratio; the location of sites is shown in Fig. 927 

1. 928 

 929 

Fig. 16. Conceptual models of the fracture patterns: a. caprock units of the autochthonous do-930 

main; b. caprock units of the parautochthonous domain; c. deep shale gas reservoir. In a. and b., 931 

the shallow aquifers are not specifically represented because they are affected by the same frac-932 

ture network than the caprock units. The fracture network is also represented at a smaller scale in 933 

REVs: d. shale units; e. siltstone interbeds. 934 
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Measurement station ID 
UTM coordinates (NAD83 19N) 

Lithology Group 
Number of 
fractures 

Outcrop size (approxima-
tivelly) / borehole lenght in 

the bedrock (m) 

Outcrop or 
well direction 

(°N) X (m) Y (m) UTM Zone 

Outcrop (river bed) 1 263815 5151764 19T Shale Queenston 33 60 90 
Outcrop (river bed) 2 263877 5152879 19T Shale Lorraine 49 50 120 
Outcrop (river bed) 3 270891 5161970 19T Shale Lorraine 5 10 10 
Outcrop (river bed) 4 272323 5160028 19T Shale Lorraine 45 15 340 
Outcrop (river bed) 5 279520 5159255 19T Shale Lorraine 22 20 90 

Outcrop (river bed) 6 278734 5169518 19T Shale Sainte-Rosalie 126 4 x 20 
44; 120; 150; 

160 
Outcrop (river bed) 7 285270 5166177 19T Shale Lorraine 29 60 160 
Outcrop (river bed) 8 289280 5167441 19T Shale Lorraine 29 15 10 
Outcrop (vertical wall) 9 290718 5167411 19T Siltstones Lorraine 18 20 40 
Outcrop (river bed) 10 290937 5167320 19T Shale Lorraine 35 50 160 
Outcrop (vertical wall) 11 291434 5167412 19T Siltstones Lorraine 28 150 90 
Outcrop (vertical wall) 12 294107 5167496 19T Shale Lorraine 13 20 70 
Outcrop (vertical wall) 13 294715 5167631 19T Shale Lorraine 46 20 70 
Outcrop (vertical wall) 14 294989 5167677 19T Shale Lorraine 7 20 70 
Outcrop (river bed) 15 296619 5167487 19T Shale Lorraine 12 10 0 
Outcrop (river bed) 16 296866 5168006 19T Shale Lorraine 17 50 140 
Outcrop (river bed) 17 299783 5169320 19T Shale Sainte-Rosalie 120 2  x 20 130; 30 
Shallow well 1 281370 5168963 19T Shale Sainte-Rosalie 10 47 vertical 
Shallow well 2 287925 5155391 19T Shale Sainte-Rosalie 42 46 vertical 
Shallow well 3 282584 5158820 19T Shale & Siltstone Lorraine 50 30 vertical 
Shallow well 4 288214 5157504 19T Shale Sainte-Rosalie 39 20 vertical 
Shallow well 7 276263 5164099 19T Shale Lorraine 19 40 vertical 
Shallow well 8 277620 5162758 19T Shale & Siltstone Lorraine 49 50 vertical 
Shallow well 10 286450 5157073 19T Shale Sainte-Rosalie 25 15 vertical 
Shallow well 11 286396 5156776 19T Shale Sainte-Rosalie 19 50 vertical 
Shallow well 13 286807 5156653 19T Shale Sainte-Rosalie 2 59 vertical 
Shallow well 21 287026 5156377 19T Shale Sainte-Rosalie 52 148 vertical 
Deep well  A 280035 5154051 19T Shale Sainte-Rosalie 96 424 vertical 
Deep well  B 269837 5152004 19T Shale Sainte-Rosalie 1354 1758 vertical 
Deep well  C 707892 5133892 18T Shale Sainte-Rosalie 812 1165 vertical 
Deep well  A 280035 5154051 19T Shale Lorraine 56 195 vertical 
Deep well  B 269837 5152004 19T Shale Lorraine 1325 255 vertical 
Deep well  C 707892 5133892 18T Shale Lorraine 588 275 vertical 
Horizontal well A 280035 5154051 19T Shale Lorraine 2085 1020 316 
Horizontal well B 269837 5152004 19T Shale Lorraine 3254 600 316 
Horizontal well C 707892 5133892 18T Shale Lorraine 1986 950 307 
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little data are available between shallow fresh water aquifers and deep 

geological hydrocarbon reservoir units (here referred to as the 

intermediate zone). Characterization of this intermediate zone is 

crucial, as the latter controls aquifer vulnerability to operations 

carried out at depth. In this paper, the natural fracture networks in 

shallow aquifers and in the Utica shale gas reservoir are documented in 

an attempt to indirectly characterize the intermediate zone. This study 

used structural data from outcrops, shallow observation well logs and 

deep shale gas well logs to propose a conceptual model of the natural 

fracture network. Shallow and deep fractures were categorized into three 

sets of steeply-dipping fractures and into a set of bedding-parallel 

fractures. Some lithological and structural controls on fracture 

distribution were identified. The regional geologic history and 

similarities between the shallow and deep fracture datasets allowed the 

extrapolation of the fracture network characterization to the 

intermediate zone. This study thus highlights the benefits of using both 

datasets simultaneously, while they are generally interpreted separately. 

Recommendations are also proposed for future environmental assessment 

studies in which the existence of preferential flow pathways and 

potential upward fluid migration toward shallow aquifers need to be 

identified. 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

Response to Reviewers 

 

Dear Reviewer, I would like to thanks you for your comments and time reviewing our paper. 

Please fin hereafter a modified version of the paper. 

Sincerely, 

Pierre Ladevèze. 

 

Corrections applied: 

Reviewer: Some minor corrections to be done: 

Line 229: "Fracture distribution" .... ? what do you mean? 

Pierre L.: Thanks for highlighting this error in the text, I have modified the text. 

Line 288: Error! Reference source not found 

The text has also been modified. 

Line 310-312; You first say "fracture lengths reach from 10 to 30m" and then between 2 and 5 m 

for F1 and F2. Please clarify. And what about F3 ? 

I have clarified these points in the text. 

Line 331: "significantly for F1" significantly what ? 

I have suppressed this sentence because it does not bring any value to the text. 

Line 349: What about F3 ? 

Unfortunately fracture spacing distributions could not be further used to assess the relative timing 

of fracture sets formation. However, crosscutting relationship observations and the fold test 

analysis brought strong evidences that support the formation of F3 fractures after the F1 and F2 

sets. 

Line 361: Why no F2 and F3 fracture corridors ? this question should also may be addressed in 

the discussion chapter. 

Cover Letter
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This comment points out to the limits of our conceptual model (organization of the fracture sets in 

corridors). Concerning this aspect of the study, it would have been really interesting to improve 

our conceptual model with more field-based evidences. In our field dataset, only the potential 

existence of F1 fractures corridors could be identified. Even if a lot of fracture data is available in 

the Saint-Edouard area, existing data could not help to further assess this aspect. We have 

discussed the limits of the conceptual model in more details in the section discussion (section 

5.2.1. Limits of the conceptual model). Finally, we would like to emphasis on the fact that the 

purpose of our paper is to propose an approach to characterize the intermediate zone using 

shallow and deep fracture data and also to highlight its interest in a context of unconventional gas 

development. In this context, we think that the previously discussed limitations did not affect the 

validity of our approach. 

Line 424: "when drilling a deep vertical well". This is misleading. It is not because you drill deep 

but because you drill in the Utica Shale. Note also that drilling a vertical well might not be the best 

solution to intersect corridors. 

Thanks for the comment, I have modified the sentence to avoid misinterpretations. 

Figure 10: I am not convinced by your regression line for the deep wells. Despite apparently good 

R2, the lines do not fit the data. Do you apply the regression to all the data or only through the 

linear part of them? Indeed, you should apply two cutoffs, one for the small spacing values (the 

resolution limit around 0.1m) and one for the large value (limit of statistical homogeneity, around 

20m). In a log-log plot a good correlation coefficient should be at least 0.97. 0.91 is definitively not 

a good one. Moreover, why do you have horizontally aligned data points? In a cumulative count 

plot, this should not happen. 

I have modified the figure and the text in the section result. I had made an error when plotting the 

data (horizontally aligned points are now excluded). These points  were affecting the quality of the 

regression. Following your comments, I have also applied two cut-offs for the regressions lines. 

The modifications were applied and I think that the figure looks better. 
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Figure 12: The F1 FC's seem to have some characteristic thicknesses (around 40m) and 

spacings (100 to 200 m). How does this relate to the variograms in Figure 11? 

As the geometrical characteristics of the corridors remains to be confirmed, we only briefly 

discuss this point. I have added a sentence to highlight the geometrical characteristics of the F1 

corridors observed on fig. 12. Moreover, concerning the use of variogram to better assess the 

existence of corridor, some new insights are presented in section 5.2.1. Significant gains can be 

obtained using variogram to assess the clustering of fractures. However, as spacing is a scale-

independent continuous variable, variograms could not be used to further explore the geometrical 

characteristics of fracture corridors (a scale dependent characteristic of the fracture network). 

Figure 15: regression line coefficient: to me 0.0059 and 0.046 do not mean anything. The 

regressions could be forced to 0 which is geologically sound. 

I agree, thanks. DONE. 
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Highlights 

- This study integrates shallow and deep multisource fracture datasets 

- An analog approach was used to characterized the caprock of the Utica Shale reservoir 

- Four fracture sets affects the entire shale succession 

- A conceptual model of this fracture network is proposed 

Highlights (for review)
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2 

Abstract 17 

In the St. Lawrence sedimentary platform (eastern Canada), very little data are available between 18 

shallow fresh water aquifers and deep geological hydrocarbon reservoir units (here referred to as 19 

the intermediate zone). Characterization of this intermediate zone is crucial, as the latter controls 20 

aquifer vulnerability to operations carried out at depth. In this paper, the natural fracture net-21 

works in shallow aquifers and in the Utica shale gas reservoir are documented in an attempt to 22 

indirectly characterize the intermediate zone. This study used structural data from outcrops, shal-23 

low observation well logs and deep shale gas well logs to propose a conceptual model of the 24 

natural fracture network. Shallow and deep fractures were categorized into three sets of steeply-25 

dipping fractures and into a set of bedding-parallel fractures. Some lithological and structural 26 

controls on fracture distribution were identified. The regional geologic history and similarities 27 

between the shallow and deep fracture datasets allowed the extrapolation of the fracture network 28 

characterization to the intermediate zone. This study thus highlights the benefits of using both 29 

datasets simultaneously, while they are generally interpreted separately. Recommendations are 30 

also proposed for future environmental assessment studies in which the existence of preferential 31 

flow pathways and potential upward fluid migration toward shallow aquifers need to be identi-32 

fied.  33 
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1 Introduction 34 

For shale-dominated successions, there is a high interest in identifying natural fracture networks 35 

because they control the rock permeability (Barton et al., 1998; Berkowitz, 2002; Guerriero et 36 

al., 2013; Narr et al., 2006; Odling et al., 1999; Singhal and Gupta, 2010) and thus strongly in-37 

fluence fluid flow in the different stratigraphic units and potentially between deep prospective 38 

shale gas strata and shallow aquifers (CCA 2014; EPA 2016; Lefebvre, 2016). 39 

However, the quantitative assessment of natural fractures can be challenging due to observa-40 

tional biases related to the methods that provide results at different scales (e.g. at the scale of 41 

outcrops, wells or seismic lines) and to the data that are sparsely or irregularly distributed. The 42 

inherent incompleteness of data is exacerbated in the so-called “intermediate” zone (or caprock). 43 

There is generally a lack of observation in this zone because it is located between shallow aqui-44 

fers studied for hydrogeological purpose and the deep reservoir that has been characterized for 45 

hydrocarbon exploration/production. The characterization of this zone is crucial to properly un-46 

derstand the dynamic of potential contaminants migration to shallow aquifers. 47 

Fracture observations on outcrops are often used as analogs for deep reservoirs (Antonellini and 48 

Mollema, 2000; Gale et al., 2014; Larsen et al., 2010; Lavenu et al., 2013; Vitale et al., 2012). 49 

Hence, the extrapolation of fracture data from outcrops and shallow hydrogeological wells, or 50 

from the deep reservoir where well log data and other geoscience information abound, may ap-51 

pear to be a promising approach to characterize the intermediate zone. However, the use of ‘shal-52 

low’ or ‘deep’ datasets as analogs is not always possible and certainly not straightforward; the 53 

controls on fracture distribution in a sedimentary succession have to be carefully identified to 54 

fully assess the fracture patterns. At shallow depths, surface weathering can enhance fracture 55 

apertures and be possibly responsible for fractures filling with minerals that are not representa-56 
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tive of deep units. Furthermore, uplift or unroofing can initiate fracture propagation (Engelder, 57 

1985; English, 2012; Gale et al., 2014). Therefore, the presence of unloading fractures oriented 58 

according to either a residual or a contemporary stress field will affect the shallow rock mass 59 

(Engelder, 1985). To the contrary, some fracture generation processes can occur only at signifi-60 

cant depths due to an increase of the greatest compressive stress during regional shortening, a 61 

decrease in the least compressive stress caused by regional extension or an increase in pore pres-62 

sure (Gillespie et al., 2001). Therefore, to be able to use some shallow and deep fracture sets as 63 

analogs, it must first be demonstrated that outcropping fractures are not solely the expression of 64 

near-surface events and were most likely formed at significant depths (at least comparable with 65 

the reservoir depth). 66 

In this paper, we aim at integrating multisource data (outcrops, shallow and deep acoustic and 67 

electric well logs) that have different observation scales to obtain a sound interpretation of the 68 

fracture network affecting a shale gas play in southern Quebec (Saint-Édouard area, approxi-69 

mately 65 km southwest of Quebec City; location in Fig. 1). An emphasis is put on the charac-70 

terization of the intermediate zone which potentially controls contaminants migration to subsur-71 

face. The proposed methodology could be of interest for other studies in shale dominated succes-72 

sions where there is a lack of data in the intermediate zone.  73 
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2 Regional tectonostratigraphic setting 74 

2.1 The St. Lawrence Platform 75 

In southern Quebec, the St. Lawrence Platform is bounded by the Canadian Shield to the NW 76 

and by the Appalachian mountain belt to the SE. The portion of interest of the St. Lawrence Plat-77 

form (here referred as the SLP) comprises the area roughly between Montréal and Quebec City. 78 

This Cambrian-Ordovician depositional element is divided in two tectonostratigraphic domains: 79 

the autochthonous and the parautochthonous domains (Castonguay et al., 2010; St-Julien and 80 

Hubert, 1975) (Fig. 1). At the base of the autochthonous domain, Cambrian-Ordovician rift and 81 

passive margin units unconformably overlie the Grenville crystalline rocks (Lavoie et al., 2012) 82 

(Fig. 2). These passive margin units include the Potsdam Group sandstones and conglomerates 83 

and the Beekmantown Group dolomites and limestones. Those two groups are covered by Mid-84 

dle to Upper Ordovician units deposited in a foreland basin setting (Lavoie, 2008) (Fig. 2). The 85 

progressively deepening-upward carbonate units of the succeeding Chazy, Black River and Tren-86 

ton groups, and the Utica Shale, were then covered by the overlying Upper Ordovician turbidite 87 

and molasse units of the Sainte-Rosalie, Lorraine and Queenston groups. The Utica Shale consti-88 

tutes a prospective unit for shale gas in southern Quebec (Dietrich et al., 2011; Hamblin, 2006; 89 

Lavoie, 2008; Lavoie et al., 2014). 90 

The SLP units have recorded a polyphased structural history (Pinet et al., 2014) and thus display 91 

a complex structural pattern. These events include Middle and Late Ordovician normal faulting 92 

that started at the inception of the foreland basin phase (Thériault, 2007), shortening during the 93 

Taconian orogeny (Tremblay and Pinet, 2016), and some post-Ordovician folding (Pinet et al., 94 

2008) and faulting (Sasseville et al., 2008; Tremblay et al., 2013). Normal faults (including the 95 

Jacques-Cartier River fault, Fig. 5) are steeply-dipping to the south and displace the basement, 96 
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the basal units of the platform and its upper units in the autochthonous domain (possibly includ-97 

ing the Utica Shale and Lorraine Group). These faults were reactivated several times during and 98 

after the building of the Appalachians, documented evidence of movement is known for the late 99 

Silurian Salinic Orogeny and the opening of modern Atlantic (Castonguay et al., 2001; Faure et 100 

al., 2004; Konstantinovskaya et al., 2009; Sasseville et al., 2012; Séjourné et al., 2003; Tremblay 101 

and Pinet, 2016). A summary of the depositional environment and the major tectonic events that 102 

affected rock of the SLP is presented in Fig. 3. 103 

In the autochthonous domain, the near surface Upper Ordovician units (post-Utica Shale) are 104 

folded by the regional Chambly-Fortierville syncline. This fold is asymmetric with more steeply-105 

dipping beds in the southern flank (28°) than in the northern flank (10°) (Fig. 4a). Its axis is 106 

roughly parallel to the limit between the SLP and the Appalachians. To the southeast, the Aston 107 

fault and the Logan’s Line belong to a regional thrust-fault system that limits the parautochtho-108 

nous domain (Fig. 2 and Fig. 5). Reprocessing and reinterpretation of an industrial 2D seismic 109 

line (using two well calibration points) was proposed in (Lavoie et al., 2016) and showed that in 110 

the Saint-Édouard area, the parautochthonous domain forms a triangle zone delimited to the 111 

northwest by a NW-dipping backthrust and by the SW-dipping the Logan’s Line to the SE (Fig. 112 

5). The existence of a triangle zone bounding the southern limb of the Chambly-Fortierville is 113 

supported by previous interpretations done in the SLP (Castonguay et al., 2006; Castonguay et 114 

al., 2003; Konstantinovskaya et al., 2009). These thrusts/backthrusts are associated with the 115 

Middle to Late Ordovician Taconian Orogeny (St-Julien and Hubert, 1975). In the parautochtho-116 

nous domain, a southeast-dipping system of thrust faults displays imbricated thrust geometries 117 

(Castonguay et al., 2006; Séjourné et al., 2003; St-Julien et al., 1983). Some northeast-striking 118 

folds also affect the parautochthonous units (Fig. 4b). The Logan’s Line marks the fault-contact 119 
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between the SLP and the allochthonous external Humber zone (St-Julien and Hubert, 1975) (Fig. 120 

5). 121 

The present-day in-situ maximum horizontal stress (SHmax) orientation is NE–SW in the SLP as 122 

previously proposed using borehole breakouts orientations (inferred from four-arm dipmeter 123 

caliper data) (Konstantinovskaya et al., 2012). This trend is relatively consistent with the large-124 

scale trend documented in eastern North America (Heidbach et al., 2009; Zoback, 1992). The 125 

stresses/pressure gradients estimated in the platform indicate a strike-slip stress regime 126 

(Konstantinovskaya et al., 2012). As the regional faults of the SLP are oblique to the actual 127 

SHmax, a reactivation of these structures under the current stress field remains possible 128 

(Konstantinovskaya et al., 2012) but has not yet been documented. 129 

Organic matter reflectance data indicates that at least 3 and 4.7 km of sediments have been 130 

eroded in the SLP (Sikander and Pittion, 1978) and in the frontal part of the Chaudière Nappe in 131 

the Quebec City area (Ogunyomi et al., 1980), respectively. Later studies showed that there was 132 

an increasing thickness of eroded sediments from about 5 to 7 km from northeast to southwest in 133 

the SLP (Héroux and Bertrand, 1991; Yang and Hesse, 1993). 134 

2.2 The intermediate zone (caprock) and reservoir units of the Saint-Édouard area 135 

The Utica Shale is overlain by autochthonous units (the Nicolet Formation - Lorraine Group and 136 

the Lotbinière Formation – Sainte-Rosalie Group) and parautochthonous units (Les Fonds For-137 

mation – Sainte-Rosalie Group). These units constitute the intermediate zone (caprock) in the 138 

Saint-Édouard study area. 139 

The Utica Shale (Upper Ordovician) is made of limy mudstone that contains centi- to decimetric 140 

interbeds of shaley limestone (Globensky, 1987; Lavoie et al., 2008; Theriault, 2012). It is di-141 
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vided in two members (Upper and Lower). The Lower Utica Shale contains more limestone in-142 

terbeds than the Upper Utica Shale. In the Saint-Édouard area, the thickness of the Utica Shale 143 

ranges from 200 to 400 m (Fig. 5). The autochthonous Lotbinière Formation (Sainte-Rosalie 144 

Group) and the parautochthonous Les Fonds Formation (Sainte-Rosalie Group) are time- and 145 

facies correlative units of the Utica Shale (Lavoie et al., 2016) (Fig. 2). The Utica Shale, Lot-146 

binière and Les Fonds formations display a similar lithofacies of black calcareous mudstone with 147 

thin beds of impure fine-grained limestone but differs by their organofacies (Lavoie et al., 2016). 148 

The Lotbinière Formation is made of gray-black micaceous shale with rare interbeds of calcare-149 

ous siltstones (thickness <10 cm) and is outcropping north of the Jacques-Cartier River normal 150 

fault (Belt et al., 1979; Clark and Globensky, 1973). In the parautochthonous domain, the Les 151 

Fonds Formation is mainly composed of shale with less abundant fine-grained limestones and 152 

conglomerates (Comeau et al., 2004). The Nicolet Formation (Lorraine Group, Upper Ordovi-153 

cian) is slightly younger compared to the previous three units (Comeau et al., 2004) and is 154 

mostly made of gray to dark-gray shale with centi- to decimetric (rarely metric) siltstone inter-155 

beds (Clark and Globensky, 1973; Globensky, 1987). Upward, there is a decrease of the shale 156 

content and an increase in the number and thickness of the sandstone beds (Clark and Globensky, 157 

1976). In the Saint-Édouard area, the thickness of autochthonous and parautochthonous interme-158 

diate zone units (i.e., above the Utica Shale) progressively increases from 400 m to 1900 m from 159 

northwest to southeast (Fig. 5). 160 

 161 

Insert Fig. 1 to 5 here. 162 

 163 

3 Methodology 164 
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In this study, the term “fracture” refers to metric scale planar discontinuities that affect the rock 165 

mass without visible displacement.  166 

3.1 Data sources 167 

Fracture data were collected and compiled in the Saint-Édouard area using different methods. 168 

Fifteen outcrops were investigated (Fig. 1). Borehole logs includes acoustic, optical and electric 169 

logs that have different resolutions. Typically, electric logs have a higher resolution than acoustic 170 

and optical tools. Interpretation were then done in the light of these scale differences. Acoustic 171 

and optical televiewer logs from eleven shallow (15 to 147 m deep in the bedrock) groundwater 172 

monitoring wells drilled for the project (Crow and Ladevèze, 2015) were also studied. Moreover, 173 

Formation Micro Imager (FMI) data from three deep shale gas wells were interpreted. The wells 174 

referenced by the oil and gas geoscience information system of the Ministère des Ressources 175 

naturelles of Quebec under the numbers A266/A276 (Leclercville n°1), A279 (Fortierville n°1) 176 

and A283 (Sainte-Gertrude n°1) were used. To simplify the nomenclature in the current paper, 177 

they are hereafter referred to as A, B and C, respectively (Fig. 1). FMI data from the vertical sec-178 

tions of wells A, B and C cover the following ranges of depth: 1470-2080 m for well A, 560-179 

2320 m for well B and 590-2050 m for well C; this includes the Utica Shale and variable por-180 

tions of the overlying Lorraine Group. Each of these wells also includes a horizontal section 181 

(“horizontal leg”) in the Utica Shale (1000, 970 and 920 m long, for wells A, B and C respec-182 

tively) for which FMI data was also available. For a history of the recent shale gas exploration in 183 

the study area, refer to Lavoie et al. (2014) and Rivard et al. (2014). The characteristics of the 184 

measurement stations are summarized in Table 1. 185 

 186 

Insert Table 1 here. 187 
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 188 

3.2 Fracture assessment  189 

Common geometrical attributes of fractures were measured: attitude, spacing, crosscutting rela-190 

tionships between fractures and other geological structures (such as syn-sedimentary concre-191 

tions). These attributes were documented all along the boreholes using acoustic and electrical 192 

logs. As most of the outcrops were limited in size and were displaying only sparsely distributed 193 

fractures, their attributes were systematically measured in the exposed surfaces. 194 

3.2.1 Fracture sets 195 

For each measurement station (outcrop or well), fracture poles were plotted on stereonets using 196 

the SpheriStat™ software (Stesky, 2010). Contoured density diagrams were used to identify the 197 

mean position of the fracture sets. The poles density contours of borehole data were corrected for 198 

sampling bias (underestimation of the frequencies for the fracture planes that are sub-parallel to 199 

the observation line) using the method of Terzaghi (1965). A weight function of the angle β be-200 

tween the fracture plane and the observation line was attributed to all fracture densities. This 201 

weight w is expressed as: w=(sin β)
-1

 (Terzaghi, 1965). Even if mathematically valid, fracture 202 

planes with low β values are overestimated with this method (Park and West, 2002). For this 203 

reason, an arbitrary 10° blind zone was used in the analysis (fractures sub-parallel to the observa-204 

tion-line are excluded). 205 

When clear crosscutting relationships were observed on outcrops, the relative timing of fracture 206 

sets formation could be defined. In borehole data, it was rarely possible to identify such relation-207 

ships. In this case, the main attitude for fracture set attitudes were compared to adjacent outcrops 208 

data (if existing) to define a hypothetical relative timing for the formation of the fracture sets. 209 
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If fracture poles are scattered in stereonets, only the maximum pole concentration is taken into 210 

account. To better identify the major fracture sets in such cases (generally the case of outcrops or 211 

shallow wells that displays significant folding), a fold test was performed on fracture data in or-212 

der to calculate the fracture attitudes prior to folding events. Results from this test were also used 213 

to further assess the relative chronology of fracture sets formation and folding. The rotation ap-214 

plied to fracture attitudes corresponds to the angle of rotation of the bedding plane after a folding 215 

event. Two generations of folds have previously been documented in the autochthonous domain 216 

in the Saint-Édouard area: F-I (first generation: Chambly-Fortierville syncline) and F-II (second 217 

generation) (Pinet, 2011). To consider the effect of the two generations of folds, the analysis was 218 

performed in two steps. First, the fracture plans were replaced back to their original attitude prior 219 

to F-II folding. As the F-II fold axes are sub-horizontal, the first step consists in correcting the 220 

strike direction of fracture planes according to the strike angle between fold-I and fold-II axes. 221 

The second step aims at correcting the fracture plans back to their attitude prior to F-I folding. 222 

This was done by tilting back the fracture planes around the F-I axis (N233/04, Fig. 4) with an 223 

angle corresponding to the structural dip (angle between the bedding plane attitudes in each 224 

measurement station and the horizontal). In the parautochthonous domain, a single folding event 225 

was easily observable in the field and fracture plans were back-tilted along the regional F-I axis 226 

(N235/03 Fig. 4). A better fracture set concentration after rotation is a strong indicator of its pre-227 

folding origin. To quantify the degree of concentration of attitude data, the parameter k was cal-228 

culated for both the original and rotated fracture sets. This parameter quantifies the degree of 229 

data dispersion on a sphere/stereonet (Fisher, 1953). The higher the values of k, the more the 230 

data are concentrated in the stereonet (Fiore Allwardt et al., 2007). 231 

3.2.2 Fractures distribution 232 
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In the document, the term “spacing” refers here to the perpendicular distance between two adja-233 

cent fracture planes of similar attitude. Measuring or estimating spacing thus requires first a clas-234 

sification of the fractures into coherent fracture attitude set. The fractures densities correspond to 235 

the number of fractures (regardless of their attitudes) per unit distance along a line. They were 236 

calculated along the wells using a counting window of various lengths. Each fracture density 237 

value was then normalized by the window lengths. All fracture densities were corrected using the 238 

Terzaghi method. In the same way, fracture frequencies correspond to the number of fractures 239 

from a specific set per unit distance along a line. 240 

To further explore the process of fracturing in siltstone units, the fracture spacing was plotted 241 

against bed thicknesses (fractures are bed-confined in siltstone to the contrary of shale in the 242 

studied area). Values of the ratio of fracture spacing to layer thickness (the slope of the curve) 243 

were extracted from these plots and used to determine if the fracture network has attained satura-244 

tion, a concept describing the situation where whatever the applied strain, fracture spacing has 245 

attained a lower limit (or an upper limit for fracture densities) that is proportional to bed thick-246 

ness (Bai et al., 2000; Wu and D. Pollard, 1995). 247 

Geostatistical tools were used to assess the degree of spatial correlation of each fracture set 248 

(Chilès, 1988; Escuder Viruete et al., 2001; Miller, 1979; Tavchandjian et al., 1997; Valley, 249 

2007; Villaescusa and Brown, 1990). In other words, the use of geostatistics can help define the 250 

spatial organization of fractures when they seem to have a totally random spatial distribution in 251 

the rock mass. The knowledge of the spatial distribution of fractures can be used to develop dis-252 

crete fracture network (DFN) models to further assess the fracture control on fluid flow (Caine 253 

and Tomusiak, 2003; Dershowitz et al., 1998; Min et al., 2004; Surrette et al., 2008). 254 
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Variogram analyses were thus performed on spacing data for each fracture set in the horizontal 255 

section of the three deep wells. A formal definition of the experimental variogram γ(h) (m
2
) for 256 

fracture spacing data is presented in Eq. (1). 257 
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h z x z x h
n

  Eq. (1) 258 

where, n is the number of fractures separated by a distance h (this calculation interval is also 259 

called “lag”), z(xi) is the fracture spacing value at the distance xi. An experimental variogram 260 

presents the γ values successively calculated for increasing h values. The shape of the experi-261 

mental variogram is used to assess if the available data have a spatial correlation that could be 262 

represented by a theoretical model. If so, the nugget value in the experimental variogram must be 263 

lower than the variance of the entire dataset for the correlation in fracture spacing to be consid-264 

ered present (reflecting fracture clustering). The range value in the variogram provides the 265 

maximum distance for fracture spacing clustering. In geological terms, this range of influence 266 

means that two samples spaced farther apart than this distance are likely not correlated (and thus 267 

considered independent) (Miller, 1979). 268 

3.2.3 Fracture and rock mechanical properties 269 

The potential for fracture propagation in rocks is controlled by their brittleness (Ding et al., 270 

2012; Lai et al., 2015; Meng et al., 2015). The Brittleness Index is an empirical parameter that is 271 

widely used to quantify the ability of a rock unit to fracture (Wang et al., 2015). In the Saint-272 

Édouard area, this parameter was previously estimated from borehole logs acquired in the deep 273 

gas wells using the Grieser and Bray (2007) and the Glorioso and Rattia (2012) methods 274 

(Séjourné, 2017). These methods are respectively based on the acoustic (compressional and shear 275 

wave velocity logs) and mineralogical (derived from elemental spectroscopy logs) properties of 276 
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the shale. In the current paper, the relationship between fracture densities and brittleness varia-277 

tions in the Lorraine Group and Utica Shale was explored. 278 

4 Results 279 

4.1 Fractures in shales 280 

Two fracture types were observed in shale units: steeply-dipping fractures (F1, F2 and F3) and 281 

bedding-parallel fractures (BPF). Examples of observed fractures on outcrops are presented in 282 

Fig. 6. In the vast majority of outcrops, fractures are planar and exhibit clear crosscutting rela-283 

tionships. For this reason, it was possible to sort the high-angle fractures in three sets that are 284 

designated according to their relative order of formation (F1, F2 and F3 sets; F1 is the older set). 285 

Fractures were also only bed-confined in siltstones. 286 

To facilitate the classification of fractures in sets, a fold test analysis was done using data from 287 

outcrops and shallow wells that were affected by folding events that could be clearly identified in 288 

the field (i.e. outcrops affected by folds F-II and F-I). Fracture attitudes from outcrops and values 289 

of the associated parameter k (which quantifies the data concentration in the stereonets) are pre-290 

sented in Fig. 8. In the autochthonous domain, an improved concentration of fracture poles was 291 

obtained for F1 and F2 sets after rotation prior to the second generation of folds (F-II). Then, 292 

removing the effects of F-I fold improved even more the concentration of F1 fractures, but had 293 

no effect on the concentration of F2 fractures. This strongly suggests a pre-F-I folding origin for 294 

the F1 set, and a pre- to syn-F-II origin for F2 fractures. To the contrary, the concentration of the 295 

F3 fracture set was reduced after removing both F-II and F-I effects, thus supporting a syn- to 296 

post F-II folding origin for this F3 set. One fold generation was clearly observed in the 297 

parautochthonous domain (other fold generations may exist but were hardly observable on out-298 
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crops). This regional folding corresponds to the first fold generation (F-I) documented in the 299 

autochthonous domain. The fold test showed that a better concentration was obtained for the F1 300 

set when rotated prior to folding, confirming a potential pre-F-I origin for F1 fractures. Results 301 

for the F2 fracture set show a slight, probably poorly significant, reduction of concentration and 302 

the timing remains not well constrained on the basis of the fold test. 303 

Fracture sets F1 and F2 are pervasive in both the autochthonous and parautochthonous domains. 304 

They strike NE (F1) and NW (F2) (Fig. 7), with F2 abutting against F1 (Fig. 6a and b). F1 and 305 

F2 are perpendicular to each other and orthogonally crosscut the bedding planes (S0). F1 frac-306 

tures are locally concentrated in corridors (as in Fig. 6b). The third fracture set (F3) is only 307 

documented in the autochthonous domain. F3 strikes WNW and is sub-vertical (dip >80°) what-308 

ever the bedding planes attitudes (Fig. 7). F3 generally crosscuts F1 and F2 and was not observed 309 

at all sites. All three fracture sets were documented in shallow and deep data. Finally the BPF 310 

were only observed at shallow depth. 311 

Detailed fracture length measurements were limited to the size of the outcrops. Thus, only semi-312 

quantitative fracture length estimations are here proposed. Fracture lengths for the F1 and F2 sets 313 

were approximately between 2 and 5 m. The maximum observed fracture lengths were ranging 314 

between 10 and 30 m. F1 fractures display lengths higher than F2 fractures, as F2 abut F1 frac-315 

tures. Due to the limited number of outcropping F3 fractures, no realistic estimate of fracture 316 

lengths for this set was possible. Finally, because some fractures locally extend beyond the limit 317 

of the outcropping areas, length estimation values must be considered with caution. 318 

Some intervals in the black shales of the Lotbinière Formation (northern part of the study area) 319 

display oval-shaped carbonate concretions (maximum diameter of up to 1.5 m; length-to-width 320 

ratio around 1.5). The metabolic activity of sulfate-reducing and methanogen bacteria that oc-321 
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curred shortly after the inception of burial of organic matter-rich sediments under anoxic condi-322 

tions are responsible for the formation of these concretions (Mozley and Davis, 2005). In the 323 

Lotbinière Formation, 15 fractures were identified passing around such concretions without 324 

crosscutting them (Fig. 6c). Such a relationship is interpreted as an indicator of natural fractures 325 

propagation in the presence of abnormal fluid pressure in response to the shale thermal matura-326 

tion and to the gas generation in a context of deep burial (McConaughy and Engelder, 1999). 327 

 328 

Insert fig. 6 to 8 here. 329 

 330 

Statistics on fracture spacing data from outcrops and boreholes are presented in Fig. 9. Median 331 

values in shale outcrops are significantly for F1 than for F2 (0.20 to 0.28 m for F1; 2.4 to 2.93 m 332 

for F2). The same trend is observed in the shale gas wells (0.14 m for F1 and 2.93 m for F2). 333 

Lower and upper quartiles for fracture spacing also extend over a significantly larger interval for 334 

the F2 set than for the F1 set, suggesting a more scattered spatial distribution of F2 fractures, 335 

especially in the Utica Shale. In the deep wells, the mean value for F3 spacing (0.11 m) is 336 

slightly lower than that of the F1 value. 337 

 338 

Insert fig. 9 here. 339 

 340 

To the contrary of F2 fractures, both F1 and F3 fractures spacing data from outcrops and shale 341 

gas wells seems to follow a power law distribution (exponent values around 1), see Fig. 10. In 342 

this figure, spacing value less than 0.05m (resolution of the observation methods) and higher 343 
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than 10 m (upper limit of statistical homogeneity) were excluded for the regression calculation. 344 

Following Bonnet et al. (2001), this may reflect the scale invariance of the fracture spacing for 345 

these two sets. The existence of the power law distribution must be interpreted with care as our 346 

dataset is affected by both censoring bias (high fracture spacing is not sampled due to the limited 347 

size of outcrops and well sections) and truncation bias (limitation due to tools resolution). Then, 348 

the scale range of observations did not extend two orders of magnitude as suggested by Bonnet et 349 

al. (2001). Despite this limitation, the specific trend for F2 fractures distribution may be ex-350 

plained by the relative timing of fracture formation. If F2 fractures lengths are constrained by F1 351 

spacing, F2 spacing may not be scale invariant. This further support the possibility of a succes-352 

sive formation of F1 and F2 fractures. 353 

 354 

Insert fig. 10 here. 355 

 356 

All experimental variograms of the fracture sets obtained from horizontal legs of wells A, B and 357 

C show nugget values much lower than the variance of the entire sample (Fig. 11), implying that 358 

there is a correlation in fracture spacing. Therefore, fracture distributions display some cluster-359 

ing. F1 fractures display ranges values between 30 and 150 m. Variograms for the F2 and F3 set 360 

display ranges from 12 to 30 m, and 60 to 100 m respectively. Some concentration of F1 frac-361 

tures (with significantly higher F1 fracture frequencies than other fracture sets) were identified in 362 

the horizontal well A (in the Utica Shale). This high frequency of F1 fractures is consistent with 363 

outcrop observations where F1 fractures spacing are lower than F2 and F3 spacing. This may be 364 

interpreted as the presence of F1 fractures corridors (see for instance Fig. 12: F1 fractures are 365 

closely spaced on distances of around 40 m and separated by approximately 100 to 200 m). 366 
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 367 

Insert fig. 11 and 12 here. 368 

 369 

In the deep zone, fracture density vertical profiles generally display localized fractured intervals 370 

separated by vertical distances ranging from 10 m to 300 m. Fig. 13 only presents the fracture 371 

density and Brittleness Index (BI) variation with depth for well B, but they can be considered 372 

representative of those found in wells A and C. Higher fracture densities and BI values were 373 

generally measured in the Utica Shale. This suggests that these two parameters could be corre-374 

lated. In specific depth intervals in well B, some high fracture densities values correlates with 375 

low BI values (see the contact between the Upper and Lower Utica in Fig. 13). Geomechanical 376 

contrasts in the vicinity of these lithological contacts may explain the occurrence of these higher 377 

fracture density intervals. 378 

 379 

Insert fig. 13 here. 380 

 381 

4.2 Fractures in siltstone interbeds 382 

Data from outcrops showed that the siltstone interbeds are crosscut by the same fracture sets as 383 

those cutting across the shale (F1, F2 and F3) (Fig. 14a and b). However, contrary to shale units, 384 

fractures are stratabound in siltstone units, with only a few F1 fractures intersecting both silt-385 

stone and shale beds (Fig. 14c). F1 fractures are also generally longer than F2 fractures. F2 frac-386 

tures abut F1 fractures and F2 fracture lengths generally equal to F1 fracture spacings (Fig. 14b). 387 

Fracture density in the siltstone beds is significantly higher than in shale intervals, with spacings 388 
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lower than 1 m for both F1 and F2 fracture sets. Fractures were regularly spaced all along the 389 

outcrops. There is also a strong correlation between siltstone bed thickness and fracture spacing 390 

as shown in Fig. 15b. The calculated ratios of fracture spacing to layer thickness are respectively 391 

1.29 and 1.43 for the F1 and F2 fracture sets. 392 

 393 

Insert fig. 14 and 15 here. 394 

 395 

5 Discussion 396 

5.1 Fracture pattern 397 

5.1.1 Main controls on fracture distributions 398 

The differences in fracture distribution between the Lorraine Group shales and the Lorraine 399 

Group siltstones, and also between the Lorraine Group shales and the Utica Shale, suggest that 400 

these distributions are lithologically controlled. 401 

Differences in fracture distributions were observed between shales and siltstones of the Lorraine 402 

Group. In Lorraine Group shales, the F1 spacing is lower than the F2 spacing (see a visual ex-403 

ample in Fig. 6b) and F1 and F2 fracture are probably organized in corridors. In siltstone units of 404 

the Lorraine Group, F1 and F2 fractures are more homogeneously distributed and display equiva-405 

lent spacing values (see a visual example in Fig. 14). Fractures in siltstone units are also limited 406 

by the bed thickness (which rarely exceeds 1 to 2 m) and this parameter is correlated with frac-407 

ture spacing (Fig. 15); this was also observed in many sedimentary basins (Bai et al., 2000; 408 

Gross, 1993; Ji and Saruwatari, 1998; Ladeira and Price, 1981; Narr and Suppe, 1991). It was 409 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

20 

thus possible to evaluate the fracture saturation in siltstones, based on estimated fracture spacing 410 

to layer thickness ratios. According to the threshold interval of ratio values (0.8 to 1.2) proposed 411 

in Bai and Pollard (2000) and Bai et al. (2000), F1 and F2 fracture spacing would be at saturation 412 

in siltstone units (ratios of 1.29 and 1.43 respectively above the threshold interval of ratio val-413 

ues). Contrasts in mechanical properties between shales and sandstones (the sandstone being 414 

more brittle with a higher Young’s modulus) induce a preferential fracturing of sandstones 415 

(Engelder, 1985; Laubach et al., 2009). This could explain the higher observed fractures densi-416 

ties in the siltstones of the SLP. However, this must be considered cautiously as mechanical 417 

property differences between siltstone and shale units were not estimated throughout the SLP. 418 

This estimation is challenged by the presence of a significant amount of clay in both units 419 

(Séjourné et al., 2013); see also the low BI variations in the proximity of siltstone/shale contacts 420 

(Fig. 13). 421 

In the vertical sections of deep shale gas wells (depths > 500 m), higher fracture densities were 422 

measured in the Utica Shale compared to the Lorraine Group shales (Fig. 13). This is in agree-423 

ment with the highly fractured horizontal portions of the shale gas wells completed into the Utica 424 

Shale compared to the lower density of steeply-dipping fractures observed in the outcropping 425 

Lorraine Group units. In contrast, fracture spacing and strike direction values are similar in the 426 

outcropping Lorraine Group units and in the deep Utica Shale (Fig. 7 and Fig. 9). This could be 427 

interpreted as fracture corridors being more common in the Utica Shale compared to caprock 428 

units. Therefore, when drilling a well through the entire sedimentary succession, there is higher 429 

probability of intersecting fracture swarms in the Utica Shale than in overlying units. The Utica 430 

Shale is more calcareous than the clayey Lorraine Group shale (Globensky, 1987; Lavoie et al., 431 

2008; Theriault, 2012) resulting in overall higher Brittleness Index (BI) values for the Utica 432 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

21 

Shale than the overlying shale units (Séjourné, 2017). Brittle shale units are more likely to be 433 

affected by a dense natural fracture network than ductile shale (Ding et al., 2012; Lai et al., 434 

2015). 435 

5.1.2 Use of analogs to characterize the caprock 436 

The relationships between the three fracture sets (F1, F2 and F3) and the two regional fold gen-437 

erations was assessed by applying a fold test on shallow fractures. This analysis supports a syn- 438 

to post F-II folding origin for the F3 set. Conversely, the F1 and F2 fractures were probably de-439 

veloped before (or possibly during for F2) the main deformation/folding episodes that shaped-up 440 

the SLP (F-II and F-I folds). Therefore, the nowadays shallow structures should have been 441 

formed at depth before the removal of the overburden by erosion. The presence at reservoir 442 

depths of F3 fractures also discards their potential shallow formation after erosion. 443 

Vitrinite reflectance data has shown that, at least regionally, around 5 km of overburden have 444 

been eroded in the SLP (Héroux and Bertrand, 1991; Yang and Hesse, 1993). At these depths, 445 

the fractures propagate according to the regional stress field orientation and thus display com-446 

mon orientations. Because shallow and deep fracture networks display common characteristics 447 

(especially in terms of fracture attitudes and spacing) and because of the burial history of the 448 

Saint-Édouard area, it is suggested that shallow fractures in shallow units were formed at depth 449 

and hence, had recorded the same tectonic events as fractures in deep units. Consequently, shal-450 

low and deep observations can be used to assess the fracture pattern in the intermediate zone. 451 

No conclusion can be drawn regarding the initiating mechanism for fracture propagation. The 452 

latter could result from an increase of the greatest compressive stress during regional shortening, 453 

a decrease in the least compressive stress caused by regional extension, or an increase in pore 454 

pressure (which could also be associated with the first two mechanisms). It must be noted that an 455 
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abnormal pore pressure related to the thermal maturation of organic matter is more likely to have 456 

occurred in the Lotbinière Formation, Les Fonds Formation and Utica Shale, as these units dis-457 

play higher organic content than the Lorraine Group units (Haeri-Ardakani et al., 2015; Lavoie et 458 

al., 2016). In the Lotbinière Formation, the crosscutting relationship between fractures and cal-459 

careous concretions indicated that some fractures could have been initiated in a context of ab-460 

normal pore pressure. 461 

The use of analogs can be controversial if the regional geologic history is not well understood. 462 

The presence of shallow unloading fractures that display the same attitudes as some of the deep 463 

fractures is not discarded. Nonetheless, as a deep fracture dataset was available in the area, it was 464 

possible to infer that the density of possible shallow unloading fractures (developed under the 465 

control of either thermal-elastic contraction during uplift or erosion) is likely marginal, as frac-466 

ture spacings are comparable in both shallow and deep intervals. 467 

5.1.3 Conceptual models 468 

In the Saint-Édouard area, the steeply-dipping fractures and BPF are assumed to be pervasive 469 

throughout the sedimentary succession, from the shallow aquifers to the gas reservoir (Utica 470 

Shale) and hence, throughout the intermediate zone. The F1 and F2 sets are orthogonal to each 471 

other and to the bedding planes. F1 fractures may be concentrated in corridors but this pattern 472 

remains to be confirmed. F1 and F2 fracture sets are also present in siltstone units and observa-473 

tions on outcrops showed that these sets are more homogeneously distributed in this unit (similar 474 

F1 and F2 spacing values). A third fracture set (F3) was observed in the Utica Shale and locally 475 

in the Lorraine Group, where these fractures are more sparsely distributed. A fourth set, corre-476 

sponding to BPF, was only observed in shallow shale units within the upper 60 m of bedrock. 477 

The observation of BPF was easier at shallow depth because their aperture is enhanced in this 478 
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interval, probably as a consequence of glaciations/de-glaciations events or de-compaction in a 479 

context of erosion and uplift. However, some BPF should exist at depth in the study area as in 480 

many other shale successions (Gale et al., 2015; Gale et al., 2016; Wang and Gale, 2016). 481 

A conceptual model integrating all the elements acquired about the fracture pattern affecting the 482 

sedimentary succession of the Saint-Édouard area is proposed in Fig. 16. Schematics of the frac-483 

ture network were developed using two scales to better represent their characteristics and fea-484 

tures: the mesoscale (1 km blocks in Fig. 16a, b and c) and the metric (local) scale (Fig. 16d and 485 

e). The size of the metric scale blocks corresponds to the representative elementary volume 486 

(REV) of the fracture network that affects each lithological unit (shale or siltstone). A REV is 487 

defined as the minimum volume of sampling domains beyond which its characteristics remain 488 

constant (Bear, 1972). The REV properties could be used to further explore the hydraulic con-489 

trols of this fracture network in numerical models with a Discrete Fracture Networks (DFN) ap-490 

proach. For stratabound fractures, such as those in the siltstone units, the size of the REV (a met-491 

ric scale block) should be at least one or two times larger than the mean fracture spacing (Odling 492 

et al., 1999). Thus, for the highly fractured siltstone units, a REV of 0.5 m size can be defined 493 

(Fig. 16e). For non-stratabound systems, such as in the shale units, it is recommended to define a 494 

REV larger than the maximum mean trace length of fractures (Voeckler, 2012); in fact, a size at 495 

least three times larger than the mean trace is suggested (Oda, 1985, 1988). The approximate 496 

maximum mean fracture length observed in shale units is 5 m. For this reason, a 15 m long REV 497 

is proposed (Fig. 16d). However, due to the lack of large outcropping areas in the Saint-Édouard 498 

area, more fracture length measurements would be recommended in neighbouring areas for a 499 

finer estimation of the REV dimensions in shale units. It must be kept in mind that these REV 500 

are theoretical volumes that could not exist in the field due to the complexity and continuity of 501 
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fluid flow circulation in the fracture network (Kulatilake and Panda, 2000; Neuman, 1988). 502 

However, in a context of low porosity and permeability rock in the SLP (BAPE 2010; Séjourné, 503 

2015; Séjourné et al., 2013), fluid circulation can only be envisioned through open fractures and 504 

very little within the matrix. Therefore, the definition of a REV is simply a first step to better 505 

assess the control of fractures on fluid flow. 506 

 507 

Insert fig. 16 here. 508 

 509 

5.2 Implications for the assessment of potential upward fluid migration 510 

5.2.1 Limits of the conceptual model 511 

In the Saint-Édouard area, the caprock and shale gas reservoir are affected by several fracture 512 

sets that are pervasive throughout the region and the entire stratigraphic succession. The experi-513 

mental variograms showed that fractures are clustered and the parameters extracted from semi-514 

variograms could be used for other studies to generate simulation of stochastic fracture networks 515 

fracture (in DFN models for example). Scale-dependant change in structure, such as the exis-516 

tence of fracture corridors, could not be identified using these variogram as this approach as-517 

sumes that fracture spacing is a scale-independent continuous variable. As a consequence to fur-518 

ther assess the heterogeneity of this fracture pattern, gains could be obtained by the use of pa-519 

rameters such as lacunarity which describes the scale-dependant changes in fracture patterns 520 

(Roy, 2013; Roy et al., 2014). For the specific case of the Saint-Édouard area, more field data 521 

would be necessary to rigorously document this entire range of heterogeneity. At regional scale, 522 

the progressive deepening of the platform to the southeast may also have had a control on small 523 
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and large scale fracturing but it could not be confirmed with the existing datasets in the studied 524 

area. 525 

In addition, the outcropping areas were limited in size and number and borehole data cannot pro-526 

vide any direct observation of fracture lengths. As a consequence, the vertical extension of frac-527 

tures, and thus the vertical continuity of the fracture network between the deep gas reservoir and 528 

shallow aquifers cannot be undoubtedly determined solely based on the currently available struc-529 

tural datasets. This highlights the limits of using analogs when regarding to the potential exis-530 

tence of large-scale preferential fluid flow pathways in a sedimentary succession. However, the 531 

approach is particularly useful in fracture network characterisation studies, to make up for the 532 

frequent lack of data in some specific geological intervals. 533 

5.2.2 New insights for the assessment of potential upward fluid migration 534 

As direct observations of the vertical extent of structural discontinuities are challenged by the 535 

limits of the available datasets and methods, data from other fields should be acquired to assess 536 

the potential of upward fluid migration through the caprock. For instance, isotopic signatures of 537 

gas in both rock and groundwater would provide good indicators to identify a potential hydraulic 538 

connection between the deep reservoir and the surficial aquifers. In addition, the assessment of 539 

the geomechanical properties of the different units within the intermediate zone would provide 540 

evidence of the presence or absence of ductile strata that would control the fracture length. To 541 

further explore the hydraulic controls imposed by the presence of fractures and faults, one should 542 

also consider the four following points: 1) the role of individual fractures on fluid flow and espe-543 

cially their aperture throughout the stratigraphy; 2) the existence of open fractures associated 544 

with regional-scale structural discontinuities, such as fault damage zones; 3) the evaluation of 545 

hydraulic properties of these regional-scale features; 4) the driving mechanisms that would sup-546 
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port upward fluid flow in these pathways (if any) throughout the entire stratigraphic succession 547 

(deep shale gas reservoir, intermediate zone and shallow aquifers). 548 

6 Conclusion 549 

The natural fracture pattern in both the shallow aquifers and the deep shale gas reservoir of the 550 

Saint-Édouard area was characterized using a combination of fracture data from outcrops and 551 

well logs (acoustic, optical and micro-resistivity). Three steeply-dipping fracture sets, as well as 552 

bedding-parallel fractures were documented. The three high-angle fracture sets are common to 553 

both shallow and deep units with similar characteristics such as fracture attitude and spacing. For 554 

this reason and based on the regional geologic history, these fracture sets could be used as ana-555 

logs for those within the intermediate zone for which little to no data were available. These frac-556 

ture sets are pervasive throughout the region, but they are heterogeneously distributed. Concep-557 

tual models of the fracture pattern were developed at metric to kilometric scales. Nonetheless, 558 

due to the limitations of the observation methods and the near absence of data for the intermedi-559 

ate zone, the vertical extension of natural fractures, which represents a critical parameter for aq-560 

uifer vulnerability, still remains elusive. The comprehensive assessment of the caprock integrity 561 

should also be based on geomechanical properties of the different caprock units, on gas and 562 

groundwater geochemistry to provide evidence for potential upward migration and on the defini-563 

tion of potential hydraulic properties of fractures, fault planes and associated damage zones iden-564 

tified in the Saint-Édouard area, as well as their in situ hydrological conditions. 565 

This paper highlighted the benefits of combining datasets from the shallow and deep intervals in 566 

fracture network characterization. It also pointed out the limitations of using analogs to assess 567 

the potential impacts of shale gas activities on shallow fresh groundwater. Even if these results 568 
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are strictly valid for the Saint-Édouard area, the methodology used to characterize the fracture 569 

network in the caprock interval using geoscience data from the shallow and deep geological in-570 

tervals could be used in other shale gas plays where lithologies are dominated by shale units. The 571 

approach could also be used in other fields, such as in geothermal energy or deep geological car-572 

bon sequestration projects, where the fracture pattern and the integrity of a rock mass relative to 573 

fluid flow must be assessed. 574 
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Table 1. List of measurement stations 853 

 854 

Fig. 1. The Saint-Édouard area location and its geological context: a. location of the St. Law-855 

rence Platform; b. geological framework of the St. Lawrence Platform (modified from Globen-856 

sky (1987)); c. geological map of the Saint-Édouard area (Clark and Globensky, 1973; Globen-857 

sky, 1987; Lavoie et al., 2016; Thériault and Beauséjour, 2012). Faults represented as dashed 858 

lines indicate interpreted shallow faults projected from seismic data. J.-C. River fault: Jacques-859 

Cartier River fault; C.-F. syncline: Chambly-Fortierville syncline ; Gp. : Group ; Fm. : Forma-860 

tion. 861 

 862 

Fig. 2. Stratigraphy of the Saint-Édouard area units (modified from Konstantinovskaya et al. 863 

(2014). Gp. : Group ; Fm. : Formation. 864 

 865 

Fig. 3. Tectonic calendar recorded in the studied area, modified from Lavoie (2008). 866 

 867 

Fig. 4. Stereographic projection (lower hemisphere Schmidt stereodiagram) of the bedding plane 868 

attitudes measured  in the autochthonous (a.) and parautochthonous (b.) domains. Each pole cor-869 

responds to the mean bedding plane attitude measured on each outcrop and shallow well in the 870 

Saint-Édouard area. C.F. syncline: Chambly-Fortierville syncline; n: number of measurement 871 

sites (outcrops or wells). 872 

 873 
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Fig. 5. Cross-section in the Saint-Édouard area (see Fig. 1 for location). Interpretation proposed 874 

by Lavoie et al. (2016) and based on industrial seismic data. Gp: Group. 875 

 876 

Fig. 6. Examples of fracture observations on outcropping shales: a. and b. Fracture sets 1 and 2 877 

abutting relationships in the outcropping Lorraine Group (a; site 10) and Les Fonds Formations 878 

(b; site 17). The gray dots highlight the abutting relationships between fracture sets; d. example 879 

of a fracture that abuts a calcareous concretion at site 6. 880 

 881 

Fig. 7. Attitudes of the fracture sets identified in wells and outcrops intersecting shales in the 882 

Saint-Édouard area. The mean fracture sets and bedding planes attitudes estimated for each sta-883 

tion are compiled in the “synthesis” stereonets. Fracture and bedding planes poles are plotted in a 884 

lower hemisphere Schmidt representation. For outcrop data, contoured densities are not signifi-885 

cant as they vary with the number of features measured in each outcrop (a function of the out-886 

crop and well dimensions); densities were corrected for the sampling bias in borehole data. J.-C.: 887 

Jacques-Cartier; C.-F.: Chambly-Fortierville; n: number of fractures for each outcrop/well; L: 888 

length of the well section logged; 889 

 890 

Fig. 8. Fracture attitudes variations during the fold test. The fracture data used in the analysis 891 

comes from outcrops 5 & 7 to 16 (autochthonous) and from outcrop 17 and wells #10, 11 and 13 892 

(parautochthonous). Fault and fold axis locations presented in the maps were initially described 893 

in Clark and Globensky (1973) and Pinet (2011). F-I and F-II: first and second generations folds. 894 

Two folds generations were identified in the autochthonous domain and one folding event was 895 
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identified in the parautochthonous domain. The parameter k quantifies the degree of data concen-896 

tration (higher values correspond to highly concentrated data). 897 

 898 

Fig. 9. Fracture spacing measured on outcrops of the Lorraine Group shale (15 sites) and in three 899 

deep well horizontal legs located in the Utica Shale. The box plot diagrams show, from right to 900 

left, maximum, upper quartile (75th percentile), median value, lower quartile (25th percentile) 901 

and minimum fracture spacing for the F1, F2 and F3 fracture sets. 902 

 903 

Fig. 10. Fracture spacing distributions from outcrops and deep wells. The number of F3 fracture 904 

spacings measured in outcrops was insufficient to present meaningful results. 905 

 906 

Fig. 11. Experimental variograms for spacing of fractures with respect to the distance lag h along 907 

the horizontal legs of the deep wells (Utica Shale). A moving average curve was added for a bet-908 

ter identification of the trends in the calculated variograms. The horizontal line corresponds to 909 

the variance of the entire fracture spacing sample. This representation highlights the limit beyond 910 

which fracture spacing is not correlated (range) for F1, F2 and F3. 911 

 912 

Fig. 12. Fracture densities in the horizontal leg of the deep shale gas well A (Utica Shale). Frac-913 

ture frequencies were calculated using a 20 m window length every 5 m. 914 

 915 

Fig. 13. Fracture density and rock brittleness at depth: a. example of fracture density variation 916 

with depth in the deep vertical well B. Fracture densities were calculated using a 5 m window 917 
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length every 1 m and the values were corrected for sampling bias; b: mineralogical and acoustic 918 

Brittleness Index variations with depth (data from Séjourné (2017)). 919 

 920 

Fig. 14. Examples of fractures affecting siltstone beds (a and c: site 9; b: top view of the outcrop 921 

at site 11). The gray dots highlight the abutting relationships between fracture sets. 922 

 923 

Fig. 15. Geometrical characteristics of fractures in siltstone units: a. Examples of fracture atti-924 

tudes measured in siltstone outcrops at sites 9 and 11; b. Linear relationship between fracture 925 

spacing and siltstone bed thickness (data from outcrops 1, 6, 13 & 19); the term ratio in the plots 926 

corresponds to the fracture spacing to layer thickness ratio; the location of sites is shown in Fig. 927 

1. 928 

 929 

Fig. 16. Conceptual models of the fracture patterns: a. caprock units of the autochthonous do-930 

main; b. caprock units of the parautochthonous domain; c. deep shale gas reservoir. In a. and b., 931 

the shallow aquifers are not specifically represented because they are affected by the same frac-932 

ture network than the caprock units. The fracture network is also represented at a smaller scale in 933 

REVs: d. shale units; e. siltstone interbeds. 934 
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1 

Measurement station ID 
UTM coordinates (NAD83 19N) 

Lithology Group 
Number of 

fractures 

Outcrop size (approxima-

tivelly) / borehole lenght in 

the bedrock (m) 

Outcrop or 

well direction 

(°N) X (m) Y (m) UTM Zone 

Outcrop (river bed) 1 263815 5151764 19T Shale Queenston 33 60 90 

Outcrop (river bed) 2 263877 5152879 19T Shale Lorraine 49 50 120 

Outcrop (river bed) 3 270891 5161970 19T Shale Lorraine 5 10 10 

Outcrop (river bed) 4 272323 5160028 19T Shale Lorraine 45 15 340 

Outcrop (river bed) 5 279520 5159255 19T Shale Lorraine 22 20 90 

Outcrop (river bed) 6 278734 5169518 19T Shale Sainte-Rosalie 126 4 x 20 
44; 120; 150; 

160 

Outcrop (river bed) 7 285270 5166177 19T Shale Lorraine 29 60 160 

Outcrop (river bed) 8 289280 5167441 19T Shale Lorraine 29 15 10 

Outcrop (vertical wall) 9 290718 5167411 19T Siltstones Lorraine 18 20 40 

Outcrop (river bed) 10 290937 5167320 19T Shale Lorraine 35 50 160 

Outcrop (vertical wall) 11 291434 5167412 19T Siltstones Lorraine 28 150 90 

Outcrop (vertical wall) 12 294107 5167496 19T Shale Lorraine 13 20 70 

Outcrop (vertical wall) 13 294715 5167631 19T Shale Lorraine 46 20 70 

Outcrop (vertical wall) 14 294989 5167677 19T Shale Lorraine 7 20 70 

Outcrop (river bed) 15 296619 5167487 19T Shale Lorraine 12 10 0 

Outcrop (river bed) 16 296866 5168006 19T Shale Lorraine 17 50 140 

Outcrop (river bed) 17 299783 5169320 19T Shale Sainte-Rosalie 120 2  x 20 130; 30 

Shallow well 1 281370 5168963 19T Shale Sainte-Rosalie 10 47 vertical 

Shallow well 2 287925 5155391 19T Shale Sainte-Rosalie 42 46 vertical 

Shallow well 3 282584 5158820 19T Shale & Siltstone Lorraine 50 30 vertical 

Shallow well 4 288214 5157504 19T Shale Sainte-Rosalie 39 20 vertical 

Shallow well 7 276263 5164099 19T Shale Lorraine 19 40 vertical 

Shallow well 8 277620 5162758 19T Shale & Siltstone Lorraine 49 50 vertical 

Shallow well 10 286450 5157073 19T Shale Sainte-Rosalie 25 15 vertical 

Shallow well 11 286396 5156776 19T Shale Sainte-Rosalie 19 50 vertical 

Shallow well 13 286807 5156653 19T Shale Sainte-Rosalie 2 59 vertical 

Shallow well 21 287026 5156377 19T Shale Sainte-Rosalie 52 148 vertical 

Deep well  A 280035 5154051 19T Shale Sainte-Rosalie 96 424 vertical 

Deep well  B 269837 5152004 19T Shale Sainte-Rosalie 1354 1758 vertical 

Deep well  C 707892 5133892 18T Shale Sainte-Rosalie 812 1165 vertical 

Deep well  A 280035 5154051 19T Shale Lorraine 56 195 vertical 

Deep well  B 269837 5152004 19T Shale Lorraine 1325 255 vertical 

Deep well  C 707892 5133892 18T Shale Lorraine 588 275 vertical 

Horizontal well A 280035 5154051 19T Shale Lorraine 2085 1020 316 

Horizontal well B 269837 5152004 19T Shale Lorraine 3254 600 316 

Horizontal well C 707892 5133892 18T Shale Lorraine 1986 950 307 

 

Table 1
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Highlights 

- This study integrates shallow and deep multisource fracture datasets 

- An analog approach was used to characterized the caprock of the Utica Shale reservoir 

- Four fracture sets affects the entire shale succession 

- A conceptual model of this fracture network is proposed 


