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minor role in the compositional evolution of the Montney Formation siltstone and is expressed in the form of pressure solution and minor amounts of fibrous illite precipitation.

Introduction

In contrast to clay-rich mudstones (shales), whose diagenetic evolution has received much attention (for example, [START_REF] Nadeau | Petroleum system analysis: impact of shale diagenesis on reservoir fluid pressure, hydrocarbon migration, and biodegradation risks[END_REF][START_REF] Laughrey | Black shale diagenesis: insights from integrated high-definition analyses of post-mature Marcellus Formation rocks, Northeastern Pennsylvania[END_REF][START_REF] Milliken | Silica diagenesis, porosity evolution, and mechanical behavior in siliceous mudstones, Mowry Shale (Cretaceous), Rocky Mountains, U.S.A[END_REF][START_REF] Roberts | A diagenetic study of the Woodford Shale in the southeastern Anadarko Basin, Oklahoma, USA: Evidence for hydrothermal alteration in mineralized fractures[END_REF], coarser grained silt-rich mudstones (siltstones) are considerably understudied, with only one publication investigating the diagenesis of a pure siltstone [START_REF] Orberger | Diagenetic evolution of Cretaceous siltstones from drill core MAR 501 (South-Eastern France)[END_REF] that documents physical compaction, diagenetic alteration of detrital quartz, Kfeldspar and mica and precipitation of calcite and dolomite cements. Although it has been established that rock fabric (grain size and sorting) of mudstones significantly affects both diagenetic processes and reservoir quality [START_REF] Peng | Grain assemblages and diagenesis in organic-rich mudrocks, Upper Pennsylvanian Cline shale (Wolfcamp D), Midland Basin, Texas[END_REF][START_REF] Wilson | Evaluating the depositional environment, lithofacies variation, and diagenetic processes of the Wolfcamp B and lower Spraberry intervals in the Midland Basin: Implications for reservoir quality and distribution[END_REF], studies of the composition and diagenesis of mixed siltstone-mudstone or sandstone-siltstone sequences (e.g., [START_REF] Varga | Chemical composition, provenance and early diagenetic processes of playa lake deposits from the Boda Siltstone Formation (Upper Permian), SW Hungary[END_REF][START_REF] Taylor | Diagenetic alterations in a silt-and clay-rich mudstone succession: an example from the Upper Cretaceous Mancos Shale of Utah, USA[END_REF][START_REF] Lai | Impact of diagenesis on the reservoir quality of tight oil sandstones: The case of Upper Triassic Yanchang Formation Chang 7 oil layers in Ordos Basin, China[END_REF][START_REF] Cao | Geological roles of the siltstones in tight oil play[END_REF] rarely focused on silty intervals, or grouped siltstones and fine sandstones together [START_REF] Mcbride | Quartz cement in sandstones: a review[END_REF].

In this paper, we investigate diagenetic processes and their influence on reservoir quality of the siltstone comprising the Lower Triassic Montney Formation of the Western Canada Sedimentary Basin [START_REF] Armitage | Triassic oil and gas occurrences in northeastern British Columbia, Canada[END_REF][START_REF] Edwards | Triassic strata of the Western Canada Sedimentary Basin[END_REF][START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF]. With estimated reserves of 450 TCF of gas, 14,520 MMB of gas liquids, and 1125 MMB of oil (National Energy Board, Government of Canada, 2013), the Montney Formation is a major unconventional host of hydrocarbons in the Western Canadian Sedimentary Basin (WCSB) and one of the most important siltstone hydrocarbon reservoirs in the world. The availability of long cores from a range of burial depths and thermal maturities makes the Montney Formation an appropriate test case for the investigation of siltstone diagenesis and its impact on reservoir properties. We examine the relationships between lithofacies, rock fabric (grain size and sorting), rock composition (detrital and authigenic components and organic matter) and link these variables to reservoir quality.

Because porosity and permeability in the Montney Formation siltstone are functions of these relationships, a thorough understanding of the temporal and geographic variability in these components is key to understanding the paragenesis and development of this reservoir. The sedimentary and diagenetic models developed in this study will facilitate the interpretation and understanding of siltstone reservoirs elsewhere in the world.

Geological setting

The Montney Formation covers over 130,000 km 2 in central and southwestern Alberta and northeastern British Columbia (Fig. 1). The formation was deposited on the western margin of Pangea during the Lower Triassic (Induan and Olenekian) [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Utting | Palynostratigraphy, lithostratigraphy and thermal maturity of the Lower Triassic Toad and Grayling, and Montney formations of western Canada, and comparisons with coeval rocks of the Sverdrup Basin, Nunavut[END_REF][START_REF] Zonneveld | Sedimentology and ichnology of the Lower Triassic Montney Formation in the Pedigree-Ring/Border-Kahntah River area, northwestern Alberta and northeastern British Columbia[END_REF][START_REF] Henderson | Conodont sequence biostratigraphy of the Lower Triassic Montney Formation[END_REF], in a back-arc to foreland setting [START_REF] Ferri | Were Triassic rocks of the Western Canada Sedimentary Basin deposited in a foreland[END_REF][START_REF] Golding | Determining the provenance of Triassic sedimentary rocks in northeastern British Columbia and western Alberta using detrital zircon geochronology, with implications for regional tectonics[END_REF][START_REF] Rohais | Subsidence dynamics of the Montney Formation (Early Triassic, western Canada sedimentary basin): insights for its geodynamic setting and wider implications[END_REF]. Paleogeographic reconstructions suggest that the basin was rotated approximately 30 o clockwise from its current position and positioned at 30 o North [START_REF] Golonka | Phanerozoic paleogeographic and paleoclimatic modeling maps[END_REF][START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Blakey | Mesozoic paleogeography and tectonic history -western North America: Triassic tectonics and paleogeography, 245 Ma[END_REF]. A hot, periodically arid climate with seasonal monsoons prevailed in the region during the Lower Triassic [START_REF] Davies | Aeolian sedimentation and bypass, Triassic of western Canada[END_REF][START_REF] Golonka | Pangean (Late Carboniferous-Middle Jurassic) paleoenvironment and lithofacies[END_REF][START_REF] Preto | Triassic climates -State of the art and perspectives[END_REF][START_REF] Sun | Lethally hot temperatures during the Early Triassic greenhouse[END_REF][START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF].

Extensive sedimentological studies of the Montney Formation describe deposition in a westward-dipping and deepening basin. Depositional environments varied, and sediments include shoreface facies, near-shore facies, off-shore successions, and submarine fans (e.g., [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Davies | Regional subdivisions, sequences, correlations and facies relationships of the Lower Triassic Montney Formation, west-central Alberta to northeastern British Columbia, Canada -with emphasis on role of paleostructure[END_REF][START_REF] Zonneveld | Depositional framework of the Lower Triassic Montey Formation, West-central Alberta and Northeastern British Columbia[END_REF][START_REF] Playter | Petrographic and x-ray microtomographic analysis of the Upper Montney Formation[END_REF][START_REF] Crombez | Facies, well-log patterns, geometries and sequence stratigraphy of a wave-dominated margin: insight from the Montney Formation (Alberta, British Columbia, Canada)[END_REF]Euzen et al., 2018;[START_REF] Moslow | Sedimentary facies, petrology, reservoir characteristics, conodont biostratigraphy and sequence stratigraphic framework of a continuous (395m) full diameter core of the lower Triassic Montney Fm, northeastern British Columbia[END_REF][START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF]. Sediments comprising the Montney Formation were predominantly derived from the northwestern Laurentian continental margin to the east of the basin, with a smaller contribution from the Inuitian orogenic wedge and the Yukon-Tanana accretionary terrain to the north of the basin (Fig. 1) [START_REF] Ross | Provenance of Triassic strata in the Cordilleran miogeocline , western Canada[END_REF][START_REF] Beranek | Provenance of North American Triassic strata from west-central and southeastern Yukon: correlations with coeval strata in the Western Canada Sedimentary Basin and Canadian Arctic Islands[END_REF][START_REF] Golding | Determining the provenance of Triassic sedimentary rocks in northeastern British Columbia and western Alberta using detrital zircon geochronology, with implications for regional tectonics[END_REF]. The Meosin-Muinok high in the southwest part of the basin (Fig. 1) was another potential sediment source, although it is not clear whether this high existed after the Griesbachian (Early Induan) [START_REF] Zonneveld | Suspending the rules: unraveling the ichnological signature of the Lower Triassic post-extinction recovery interval[END_REF]Moslow, 2014, 2018). Finally, a portion of the sediments in the Montney Formation may have been sourced from accretionary terrains postulated to have been positioned to the west of the basin in Early Triassic time [START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF] and reference therein) (Fig. 1).

The Montney Formation is subdivided into Upper, Middle and Lower Montney siltstone members. Other local members that are not discussed herein include the Pocketknife, Anten Coquina and Altares carbonate members, and the Calais and LaGlace Sandstone members. [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Dixon | Regional lithostratigraphic units in the Triassic Montney formation of Western Canada[END_REF][START_REF] Moslow | Reservoir architecture of a fine-grained turbidite system: Lower Triassic Montney Formation, Western Canada Sedimentary Basin[END_REF][START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF].

The Montney Formation unconformably overlies the Permian Belloy Formation (Fig. 2). The Coplin and sub-Jurassic unconformities, formed during the Late Cretaceous Laramide Orogeny, bound the formation from above in the eastern part of the basin [START_REF] Gibson | An overview of Triassic stratigraphy and depositional environments in the Rocky Mountain Foothills and Western Interior Plains , Peace River Arch area , northeastern British Columbia[END_REF][START_REF] Edwards | Triassic strata of the Western Canada Sedimentary Basin[END_REF][START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Moslow | Reservoir architecture of a fine-grained turbidite system: Lower Triassic Montney Formation, Western Canada Sedimentary Basin[END_REF] and reduce its thickness to < 1m in central Alberta. In the western section of the basin (northwestern Alberta and British-Columbia) where the Coplin unconformity cuts through younger intervals, the Montney Formation retains its full depositional thickness, reaching over 350 m, and is overlain by the Sunset Prairie Formation [START_REF] Furlong | The Sunset Prairie Formation: designation of a new Middle Triassic formation between the Lower Triassic Montney Formation and Middle Triassic Doig Formation in the Western Canada Sedimentary Basin, northeast British Columbia[END_REF] or the Doig Formation.

Burial history analysis indicates that from the time of deposition to the end of the Jurassic (a time span of ~ 100 million years), the formation was never buried deeper than 1000 m [START_REF] Ness | The application of basin analysis to the Triassic succession, Alberta Basin: an investigation of burial and thermal history and evolution of hydrocarbons in Triassic rocks[END_REF][START_REF] Ducros | 2-D basin modeling of the Western Canada Sedimentary Basin across the Montney-Doig System: implications for hydrocarbon migration pathways and unconventional resources potential[END_REF]. The Laramide Orogeny, beginning in the Early Cretaceous, triggered rapid subsidence and initiated high sedimentation rates in the WCSB. The Montney Formation reached its maximum burial depth and hence maximum temperatures at the culmination of this event (ca. 57.8 Ma) [START_REF] Willett | Inverse modeling of annealing of fission tracks in apatite; 2, Application to the thermal history of the Peace River Arch region, Western Canada sedimentary basin[END_REF][START_REF] Ness | The application of basin analysis to the Triassic succession, Alberta Basin: an investigation of burial and thermal history and evolution of hydrocarbons in Triassic rocks[END_REF][START_REF] Ducros | 2-D basin modeling of the Western Canada Sedimentary Basin across the Montney-Doig System: implications for hydrocarbon migration pathways and unconventional resources potential[END_REF][START_REF] Rohais | Subsidence dynamics of the Montney Formation (Early Triassic, western Canada sedimentary basin): insights for its geodynamic setting and wider implications[END_REF].

From the end of the Paleocene to present, the basin has undergone continuous erosion and uplift.

In its present configuration, the Montney Formation deepens from northeast to southwest from less than 1 Km along the eastern subcrop to > 4 Km depth near the deformation front in the west.

Corrected present day bottom-hole temperatures along this transect increase from <50 o C to > 100 o C (BC Oil and Gas Commission, 2012), with only the southwestern edge of the formation reaching temperatures >90 o C. Thermal maturity ranges from R o =0.59% in the northeast to R o >2% in the deeply buried southwest section [START_REF] Riediger | Triassic oils and potential Mesozoic source rocks, Peace River Arch area, Western Canada Basin[END_REF][START_REF] Ibrahimbas | Hydrocarbon source rock potential as determined by RockEval 6/TOC pyrolysis[END_REF][START_REF] Sanei | Characterization of organic matter fractions in an unconventional tight gas siltstone reservoir[END_REF][START_REF] Crombez | P´etrofaci`es, s´edimentologie et architecture stratigraphique des roches riches en mati`ere organique: ´etude multi-approches des formations Montney et Doig (Trias inferieur et moyen[END_REF][START_REF] Romero-Sarmiento | Artificial thermal maturation of source rocks at different thermal maturity levels: application to the Triassic Montney and Doig formations in the Western Canada Sedimentary Basin[END_REF][START_REF] Wood | Secondary migration and leakage of methane from a major tightgas system[END_REF][START_REF] Crombez | Basin scale distribution of organic matter in marine fine-grained sedimentary rocks: insight from sequence stratigraphy and multi-proxies analysis in the Montney and Doig Formations[END_REF]. Those trends are locally perturbed by syndepositional tectonism or paleotopography inherited from the pre-Triassic basin structure [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Davies | Regional subdivisions, sequences, correlations and facies relationships of the Lower Triassic Montney Formation, west-central Alberta to northeastern British Columbia, Canada -with emphasis on role of paleostructure[END_REF][START_REF] Moslow | Turbidite reservoir facies in the Lower Triassic Montney Formation, west-central Alberta[END_REF][START_REF] Polt | New discovery in the Montney Formation: Sturgeon Lake South, Triassic F-Pool, a shoreface sandstone reservoir[END_REF][START_REF] Zonneveld | Suspending the rules: unraveling the ichnological signature of the Lower Triassic post-extinction recovery interval[END_REF]Moslow, 2014, 2018;[START_REF] Moslow | Sedimentary facies, petrology, reservoir characteristics, conodont biostratigraphy and sequence stratigraphic framework of a continuous (395m) full diameter core of the lower Triassic Montney Fm, northeastern British Columbia[END_REF].

Methodology

Materials and sampling

Our analyses are based on a combination of drill cuttings samples and conventional core samples, selected to represent a range of grain sizes and depositional environments. Table 1 summarizes sample types, sampling intervals, and analyses obtained from each study well.

Where possible, splits for all analyses were taken vertically from the same samples. Four long cores were selected for extensive analyses, based on the availability of cores intersecting all or most of the Montney Formation interval. Two cores represent distal and deeply buried section of the basin (wells 2 and 4 in Fig. 1); one well was selected to represent a more proximal, deeply buried section of the basin (well 9), and the last well was selected to represent a proximal section of the basin buried to a shallow depth. Additional thin sections [START_REF] Cecil | Eolian dust and the origin of sedimentary chert[END_REF] and core/outcrop samples (18) from thirteen other locations were examined to provide comprehensive coverage of the formation.

Core description

Detailed sedimentological descriptions were obtained for four cores (total length of 615 m, excluding a total of 51.5 m of missing core sections), recording sedimentary features as small as 1 cm to inform the suite of lithofacies present. Lithofacies were identified and distinguished on the basis of lithology, grain size, physical sedimentary structures, trace fossil assemblages, and bioturbation intensity (BI). The lithological classification scheme was adopted from [START_REF] Macquaker | Maximizing information from fine-grained sedimentary rocks: an inclusive nomenclature for mudstones[END_REF]. According to this classification, a rock description is based on its sedimentary structures and all components that form more than 10% of the rock volume; mudstones are defined as rocks comprised of at least 50% grains that are silt-size or smaller. A rock can be dominated by a component (>90%), rich in a component (50-90%) or bearing a component (10-50%).

Lithofacies were divided into three groups based on their present-day apparent grain size distribution as measured by QEMSCAN analysis (see below). Present-day apparent grain size includes the detrital grain and cement overgrowths if present and thus reflects both the water energy in the environment of deposition and the amount of cement surrounding the detrital grains.

Petrography

Petrographic observations were obtained from thin sections SEM and SEM-CL analyses.

Grain size in most samples is coarse silt size or smaller (<63 µm), rendering a point count via standard optical microscopy unreliable. Therefore, quantitative data was collected from Scanning Electron microscopy (SEM) images, and thin section analysis focused on identifying coarse diagenetic phases (calcite, dolomite, and anhydrite cements). Thin section samples were selected to represent all lithofacies described in the four cores. Thin sections were polished to 30 µm and one-half of each thin section was stained with alizarin red and potassium ferricyanide to facilitate carbonate mineral identification. We examined 73 thin sections under an Axio Zeiss Scope.A1 optical microscope equipped with a CITL Mk5 cold-cathode cathodoluminescence unit.

We used SEM analysis to study mineral morphology, distinguish between detrital grains and cements, constrain the paragenetic sequence based on overgrowths and cross-cutting relationships between minerals and define the timing of cementation relative to compaction.

Petrographic analysis was also used to identify grain-or cement-supported fabrics and to distinguish mobilized hydrocarbons from depositional macerals.

Both freshly exposed surfaces of broken core chips and polished or ion-milled surfaces were examined by SEM. Polished samples were ion-milled with a Fischione Model 1060 SEM Mill at the University of Alberta. All samples were coated with gold or carbon prior to SEM investigation.

SEM and energy dispersive X-ray spectroscopy (EDS) analysis was carried out on a JEOL 6301F Field Emission SEM (FE-SEM) or a Zeiss EVO LS15 EP-SEM, with an accelerating voltage of 20 kV, at the University of Alberta.

To evaluate cementation volumes and detrital quartz grain size, 17 ion-milled samples were analyzed with a FEI Quanta 250 FEG SEM equipped with a GATAN MonoCL4 detector (SEM-CL) and a Bruker Quantax EDX at the University of Calgary. For each sample, three (1000X magnification) or four (750X magnification) areas perpendicular to bedding were randomly selected, and secondary-electron, back-scattered electron, and cathodoluminescence images were recorded, along with energy-dispersive spectra. A 437-point grid was used for point counting on each image. EDS elemental maps were used to identify the mineral at each node, and SEM-CL images were used for separating detrital from authigenic phases. Errors associated with point count analysis were calculated following the method described in [START_REF] Van Der Plas | A chart for judging the reliability of point counting results[END_REF].

Detrital grain size was determined by measuring the longest axis of all detrital quartz grains within each image, and sphericity ratio was obtained by dividing the short axis by the length of the perpendicular, long axis at mid height.

Mineral composition and grain size

Mineralogical compositions for a large number of samples were also obtained through QEMSCAN analysis. Quantitative x-ray diffraction (XRD) analysis was conducted on a sample subset to verify QEMSCAN analysis results. All 178 drill cutting samples (wells 3, 5, and 11), together with 238 core chips samples collected in constant intervals (wells 2, 4, 9, and 15) and 297 pseudocutting samples (well 7) were selected for mineralogical analysis. A ~5 g sub-sample was randomly separated from each drill cuttings sample and analyzed. From each core samples, a small (~ 2 cm 2 ), visually representative chip was cut perpendicular to bedding and analyzed.

For well 7, a continuous sliver was cut along the entire length of the core and divided into 1-m intervals. Each interval was then crushed and mixed to generate pseudo-cuttings and a random subsample from each section (~50 g) was analyzed.

Quantitative mineralogical compositions, including clay minerals, average mineral size for each of the mineralogical phases identified, average grain size for feldspars and macroporosity values (pores >5 µm), were determined by QEMSCAN analysis at SGS Canada laboratories in Burnaby, BC, Canada. Repeatability of QEMSCAN measurements is very high (commonly <2% difference between repeated measurements of the same sample (M. Power, pers. com.).

Compositional and porosity analysis by QEMSCAN is limited by the pixel size selected for analysis, 4.8 µm in this study. However, clay minerals in our samples were commonly aggregated rather than forming isolated laths, and we found that a pixel size of 4.8 µm was sufficient for appropriate description of the rock.

Mineral size reported from QEMSCAN analysis is an average calculated from the horizontal intercept lengths of mineral crystals within a sample. However, if crystals of the same mineralogical phase are adjoining, QEMSCAN analysis might report those grains as a single large particle. For this reason, grain size results from QEMSCAN analysis that were larger than the 95 th percentile (P 95 ) were considered outliers. For a further discussion of estimates of particle size from QEMSCAN data, see Appendix 4.

To obtain grain size (as opposed to particle size) from QEMSCAN analysis, the mineral phase of interest was isolated from the dataset and touching particles were separated. Particles were then grouped into size-bins by the length of their apparent long axis. Results are reported as percent area of the mineral in each size-bin. We obtained grain size from both K-feldspar and Nafeldspar and calculated the weighted average grain size for each sample based on the relative abundances of the two feldspars. Grain size was not obtained for quartz grains because we were unable to separate touching grains sufficiently. To overcome this, we manually measured the average quartz grain size on SEM images of 17 samples and then compared the results with the average grain sizes obtained from QEMSCAN analysis of feldspars. This comparison revealed that the average quartz grain size (measured manually) deviated ±5 µm from the average feldspar grain size obtained from QEMSCAN analysis. Since this deviation is close to the minimum detection limit of the QEMSCAN, the weighted average of feldspar grain size is sufficient for describing grain size distribution in our samples.

For grain size analysis, a bin width (~1φ) was selected to avoid data skewing due to pixel size (4.8 µm). Bins are very fine silt (4.8-7.8 µm), fine silt (7.8-15.6 µm), medium silt (15.6-31 µm), coarse silt (31-63 µm), very fine sand (63-125 µm), and fine sand (125-250 µm). Grains with clay compositions are considered to be clay-size, confirmed by petrographic analysis (see section 4.3). Although an effort was made to separate touching grains, it is possible that not all such contacts are identified, particularly where grains touched along a flat contact. Similar to the mineral size analysis, inclusion of touching grains in the dataset may have slightly skewed results towards coarser grain size. The error associated with measuring grain size using this method is difficult to assess, but the error is largest where associated with measuring grains that are close to the pixel size (i.e., grains with diameter close to 5 µm). Present-day grain size frequency distribution properties were calculated with the geometric formulas proposed by [START_REF] Folk | Brazos River bar [Texas]; a study in the significance of grain size parameters[END_REF].

Twenty-six samples representing all lithofacies from all cores were selected for quantitative bulk composition and clay mineral XRD examination. Six samples were analyzed at the James Hutton Institute, Aberdeen, Scotland. X-ray diffraction patterns were recorded with a Panalytical Xpert Pro instrument using Ni-filtered CuKα radiation and an Xcelerator position-sensitive detector, counting for 100 seconds per 0.0167° step between 3-70°2θ. The clay fraction (<2μm)

was separated by timed sedimentation in water, prepared as oriented mounts on glass and scanned between 3-45°2θ in the air-dried state and after glycolation. The remaining 20 samples were analyzed at the Mineralogy Facility at the Indiana University in Bloomington. X-ray diffraction patterns were recorded with a Bruker D8 Advance X-Ray Powder Diffractometer, using CuKα radiation and a Si(Li) energy-dispersive detector, counting for 2 seconds per 0.02° step between 2-70°2θ. A large sample (~250 g) was finely ground and the clay fraction (<2μm) was separated by timed sedimentation in water. Clay concentrates (< 1 g) were prepared as randomly oriented mounts on zero-background quartz plates and scanned between 2-20°2θ in the air-dried state and after glycolation.

Porosity

Residual (present day) porosity in the siltstone is a product of mechanical diagenesis (compaction), chemical diagenesis (cementation and dissolution), and organic matter diagenesis.

Estimates of residual porosity assist in assessing the portion of original porosity lost due to diagenetic processes. QEMSCAN analysis provided the cumulative area of pores larger than 4.8 µm. This macroporosity (pores >50 nm; [START_REF] Rouquerol | Recommendations for the characterization of porous solids (technical report)[END_REF] includes open pores and pores occluded with organic matter. QEMSCAN macroporosity values are reported for all drill cutting, pseudocutting and core samples analyzed.

Point count analysis provided values for primary porosity, secondary porosity, and porosity filled with organic matter for 17 samples. In addition, matrix porosity was measured at Trican (now AGAT) laboratories in Calgary Alberta (136 samples from wells 2, 4 and 15), Core Laboratories in Calgary, Alberta (109 samples, well 7), or Terratek, in Salt Lake City, Utah (50 samples, well

3), all using a Quantachrome Pentapyc analyzer 5200e. Samples from wells 2, 4, and 9 were taken from gas-producing wells and did not require cleaning prior to testing. Samples from well 15 (an oil-producing well) were cleaned prior to testing in a Dean-Stark device using a mixture of acetone (30 wt%), methanol (23 wt%), and chloroform (47 wt%). Matrix porosity comprises all pores larger than the helium atom radius (1.4 Å) and is thus considered the sum of macroporosity (pores >50 nm), mesoporosity (pores between 2 and 50 nm) and microporosity (pores <2 nm) [START_REF] Rouquerol | Recommendations for the characterization of porous solids (technical report)[END_REF].

Organic Matter

Organic matter fills a portion of the pores in the siltstone. It is thus important to account for this phase when evaluating the porosity in the rock. Drill cutting samples (153) were analyzed for total organic content (TOC) using a RockEval VI pyrolysis at IFPEN, France. Details of this analysis are described in [START_REF] Crombez | Facies, well-log patterns, geometries and sequence stratigraphy of a wave-dominated margin: insight from the Montney Formation (Alberta, British Columbia, Canada)[END_REF]. In addition, 153 core samples and 109 pseudocutting samples were analyzed for TOC using the LECO-TOC method at Geomark Laboratories, Humble, Texas.

Results

Core Description

Fourteen lithofacies were identified in the four long cores (Table 2, Fig. 3). Lithology and physical sedimentary structures were the primary criteria used to characterize these facies, but in the upper parts of the formation, (sections that were reassigned to the Sunset Prairie Formation [START_REF] Furlong | The Sunset Prairie Formation: designation of a new Middle Triassic formation between the Lower Triassic Montney Formation and Middle Triassic Doig Formation in the Western Canada Sedimentary Basin, northeast British Columbia[END_REF], ichnological characteristics were also important. Core descriptions for the four wells are provided in Appendix 1.

All lithofacies described in this study but one (lithofacies D, a mudstone, comprising 0.2% of the total core length examined) are either silt-dominated or silt-rich mudstones. In the distal downdip wells 2 and 4, the most abundant lithofacies are the laminated siltstone (lithofacies G/H) and the massive siliceous clayey siltstone (lithofacies J), both of which contain 86% silt-size grains. Other important lithofacies in the distal wells are the faintly laminated calcareous siltstone (lithofacies F, 83% silt), and the interbedded siliceous-mudstone and calcareous-siltstone (lithofacies P, 87% silt). The bioturbated, calcareous, sandy siltstone (lithofacies M/N, 73% silt) is found only at the uppermost section of the two distal cores and is part of the Sunset Prairie Formation [START_REF] Furlong | The Sunset Prairie Formation: designation of a new Middle Triassic formation between the Lower Triassic Montney Formation and Middle Triassic Doig Formation in the Western Canada Sedimentary Basin, northeast British Columbia[END_REF]. Lithofacies G/H (laminated siltstone), and lithofacies J (massive siliceous clayey siltstone) were also identified in the section identified as the Sunset Prairie Formation but are not exclusive to this unit, (Table 3).

In the deeply buried proximal (to the Meosin Muinok High; Fig. 1) well 9, the most abundant lithofacies is the massive sandy siltstone (lithofacies B). The average silt and sand contents in this lithofacies are 76% and 19%, respectively, but both grain size classes are quite variable (47-87% for silt; 6-47% for sand). Other important lithofacies in well 9 are the massive siliceous clayey siltstone (lithofacies J, 86% silt) and the hummocky to ripple cross-stratified sandy siltstone (lithofacies O, 82% silt).

In the proximal, shallow buried, updip well 15, the dominant lithofacies is interlaminated siltstone and sandstone (lithofacies A). This lithofacies displays a wide range of silt and sand content. Silt content varies between 31 and 87% with an average of 65%, and sand content varies between 9 and 40% (2 samples have higher sand content of 62 and 53%) and an average of 23%. Dolomitic siltstone (lithofacies E) is the second major lithofacies in well 15. This highly dolomitized lithofacies contains 78 to 98% silt grains (average of 84%), and up to 3% sand grains (average of 2%).

Grain size distribution

Mudstones are defined as rocks composed predominantly of clay-and silt-size grains (< 62.5 µm) [START_REF] Aplin | Muds and mudstones: physical and fluid-flow properties[END_REF][START_REF] Flemming | A revised textural classification of gravel-free muddy sediments on the basis of ternary diagrams[END_REF][START_REF] Macquaker | Maximizing information from fine-grained sedimentary rocks: an inclusive nomenclature for mudstones[END_REF][START_REF] Lazar | Capturing key attributes of fine-grained sedimentary rocks in outcrops, cores, and thin sections: nomenclature and description guidelines[END_REF]. Fig. 4 shows the average and range of cumulative grain size distribution for each lithofacies. The graphic statistical variables [START_REF] Folk | Brazos River bar [Texas]; a study in the significance of grain size parameters[END_REF] were calculated for each sample from the graphs in 

Detrital grain assemblage

Total mineral compositions obtained from QEMSCAN analysis, including diagenetic phases, for samples from all wells are shown in Fig. 6. Quantitative XRD results confirm QEMSCAN findings (appendix 4). Detrital minerals were identified through SEM-CL analysis and quantified by point count analysis on SEM-CL images (Table 4). Detrital quartz occurs as angular to subangular grains (Fig. 7a, i-l) and constitutes an average of 25.5% of bulk rock composition and 71.3% of total quartz (Table 4). Detrital chert grains (2.7% of bulk composition and 7.4% of total quartz) are identified by mottled blue-red luminescence pattern, and a microporous texture of silica particles that contain abundant porosity and inclusions (Fig. 7b,c). Rare collapsed agglutinated foraminifera, identified by a prominent midline, are present (Fig. 7d).

Detrital feldspar grains are angular to subangular (Fig. 8). K-feldspar and Na-feldspar average 6.9% and 6.1% of bulk samples, 67.7% and 66.0% of total feldspar, respectively. Under the optical microscope, feldspar grains are commonly weathered along cleavage planes and variably dissolved.

All micas and most clays in the siltstone are of detrital origin. Micas include muscovite and biotite. Mica grains are subangular to subrounded, and many are bent, displaced along cleavage planes, and have splayed edges in response to compaction (Fig. 9a). Based on QEMSCAN analysis, muscovite has the highest concentrations of all micas (up to 7.5 wt%), chlorite has a maximum concentration of 4.2 wt%, and biotite is present only in minor amounts (<1.5 wt%).

Chlorite was recognized in both QEMSCAN and XRD analyses and was identified in SEM analysis as detrital material of metamorphic origin based on appearance and relatively coarse grain size (Fig. 9a) (also noted by [START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF][START_REF] Moslow | Sedimentary facies, petrology, reservoir characteristics, conodont biostratigraphy and sequence stratigraphic framework of a continuous (395m) full diameter core of the lower Triassic Montney Fm, northeastern British Columbia[END_REF] and is similar in morphology to other mica grains. Mica-like chlorite in our samples is susceptible to dissolution and breakage along cleavage planes (Fig. 9b).

Mixed layer illite-smectite (MLIS) clays are present as clay coats (Fig. 9c) and aggregate grains between detrital grains (Fig. 9d). MLIS is present in all the samples examined, but concentrations determined by QEMSCAN analysis vary across the basin from just under 1 wt% to over 30 wt %. Point count analysis results (Table 4) are somewhat lower than the QEMSCANreported concentrations, with average total clay content of 3% and a maximum of 7%. XRD analysis of glycolated clay mounts established a maximum of 5% expandable layers for MLIS throughout most of the basin. In only three samples (well 16 from the Dixonville Delta) does MLIS show higher expandability of 20%.

Dolomite occurs predominantly as rounded to well-rounded detrital grains, surrounded by rhombohedral overgrowths. These grains are identified by their bright luminescence, weathered (cloudy) appearance in thin sections (Fig. 10a), and the presence of dissolution pits (Fig. 10b) that are commonly <1.5 µm in diameter but locally larger in samples from cores 15 and core 9 (>5 µm) (Fig. 10d). Total dolomite concentration averages 17.5% of bulk composition. Only a third of the dolomite in the Montney is of detrital origin (Table 4; 5.4% of bulk composition and 32.2% of total dolomite on average); the remaining fraction is diagenetic in origin.

Detrital grains of different minerals vary in size. However, since detrital quartz is the least susceptible to dissolution in our samples, we used it as a proxy for detrital grain size, measured on SEM-CL images for samples from wells 2, 4, and 9. Detrital quartz grain size ranges in individual samples from 1.4 to 95.6 µm, but most of the grains measured (P 5 -P 95 ) show a narrower range of 3.5 to 42.15 µm. Wells 2 and 4 have a smaller detrital quartz grains (average 12.65 µm) than well 9, which averages at 25.2 µm. The sphericity index (short grain axis / long grain axis) is 0.55 ± 0.20 for all three wells, indicating a majority of elongated detrital quartz grains.

Authigenic phases

Authigenic minerals were identified through thin section, SEM and SEM-CL analyses. Cement volumes were quantified from point count analysis of SEM-CL images (Table 4).

Quartz

Two generations of authigenic quartz are present (Fig. 7a). The earliest, more abundant generation exhibits blue cathodoluminescence and comprises an average of 5.1% of mineral volume, and 14.2% of total quartz. The second generation of quartz cement is identified by bright red cathodoluminescence and forms thin rims surrounding the blue quartz cement or detrital quartz grains. Red luminescent quartz cement averages 2.3% of bulk composition and 7.0% of total quartz. Fractured quartz grains are uncommon, with linear fractures typically 1 µm in width.

Fractures are filled with either blue or red quartz cement (Fig. 7 i,j). Rarely, a complicated network of red cement fills fractures developed in blue cement (Fig. 7k) or shattered detrital quartz grains (Fig. 7l).

SEM images of freshly broken surfaces show that quartz cement forms overgrowths (Fig. 7e), euhedral microcrystalline cement (Fig. 7f), and silica nanospheres (Fig. 7g) (terminology adopted from [START_REF] Longman | A comparison of silica diagenesis in the Devonian Woodford shale (Central Basin Platform, West Texas) and Cretaceous Mowry shale (Powder River Basin, Wyoming)[END_REF]. Development of quartz overgrowths was inhibited to some degree by detrital clay coating (Fig. 7h), and in many cases overgrowth surfaces are speckled with angular holes <1µm (Fig. 7i). Silica nanospheres are a minor phase, locally forming grain coats that are too thin to identify in polished samples.

Feldspars

Authigenic feldspars have dark cathodoluminescence under SEM-CL (Fig. 8). K-feldspars and albite each form in a single overgrowth generation (Fig. 8a,b), and K-feldspar also forms discrete euhedral crystals (Fig. 8c). Feldspar cement constitutes 32.3% and 21.4% of total K-feldspar and total albite, respectively. K-feldspar cement overgrows detrital grains of both feldspar types (Fig.

8a, e), whereas albite cement overgrows only detrital Na-feldspar (Fig. 8b). A low-luminescing albite appears to replace both K-feldspar (Fig. 8d) and Na-feldspar (Fig. 8e). We note that these grains might also be interpreted as plutonic detrital grains with low luminescence albite. However, we favor the interpretation of albitization due to the nonlinear morphology of the low-luminescing albite and its association with porosity that is potentially secondary [START_REF] Milliken | Petrography and composition of authigenic feldspars, Oligocene Frio Formation, south Texas[END_REF]. Replacive albite accounts on average for 13.5% of total Na-feldspar.

Extensive dissolution of K-feldspar cement is a minor phenomenon but is important locally.

Dissolution occurs mainly along the boundary between the detrital grain and the cement rim (Fig. 8l) and is most common in Well 15, and to a lesser degree in Well 9.

Dolomite

At least four generations of dolomite cement were identified under CL and SEM-CL microscope (Fig. 10a,b). Absence of evidence for dissolution of authigenic dolomite, and sharp transitions between cement generations suggest continuous cementation with rapidly changing fluid composition. The last dolomite generation is an iron-rich dolomite (Fe ~ 5 wt%, based on QEMSCAN analysis), easily identified by the brighter BSE signal and quenched cathodoluminescence (Fig. 10b). In some samples, iron-rich dolomite replaces earlier dolomite cements (Fig. 10c), and occasionally detrital dolomites.

Authigenic dolomite amounts to 12.1% of rock volume on average, and 67.8% of total dolomite, and in most samples, more than 30% of the total dolomite is Fe-rich. Dissolution pits in detrital dolomite are either empty or filled with authigenic pyrite, phosphate, and rarely quartz and K-feldspar (Fig. 10a,b).

Calcite

Most calcite occurs as pore-filling poikilotopic cement (Fig. 10e) and to a much lesser extent as a replacive phase after detrital dolomite (Fig. 10f). Calcite concentrations vary greatly and unpredictably and range between 0.1 and 40.8% of the rock volume. Two generations of poikilotopic calcite were identified (Fig. 10g), indicated by different intensities of blue cathodoluminescence. The first calcite cement generation (37.1% of total calcite) contains euhedral pyrite inclusions. The second calcite cement generation (62.3% of total calcite) has the same CL pattern as the calcite that replaces dolomite. Point count analysis establishes that calcite that replaces dolomite accounts for < 1% of total calcite in the Montney Formation (Table 4).

Moldic porosity and associated dolomitic and possible phosphatic infill cements of shells and other bioclasts (Fig. 10h,i) are evidence of dissolution and/or replacement of the primary aragonite or calcite.

Clay minerals

Kaolinite is present in significant amounts (P 50 >1.75 %) only in wells 11 and 15. Samples from wells 15 and 16 also contain abundant authigenic kaolinite crystals and vermiform kaolinite that fills open pores (Fig. 9e). Authigenic fibrous illite is pore-bridging and pore-lining, nucleating on detrital clays (Fig. 9f), mica grains, and rarely on kaolinite. Fibrous illite abundance has no clear relationship to burial depth or lithofacies association. In addition, fibrous illite crystal growth is not uniform, with fiber lengths varying from several micrometers in some samples to less than one micrometer in others. We observed no clumping of illite fibers that can sometimes occur in airdried samples. In the quantitative data from the QEMSCAN analysis, fibrous illite is grouped together with MLIS clays.

Pyrite, anhydrite, and phosphate

Pyrite concentrations vary between 0.5 and 5.7% of the rock volume. Pyrite occurs in a range of forms and associations including framboids and euhedral crystals (Fig. 11a), as inclusions in a variety of cements (calcite, dolomite, feldspar and chert), in open pore space, within patched of organic matter, and between sheets of mica grains. All pyrite identified is interpreted to be authigenic, although some of the pyrite may be of detrital origin, based on the presence of clay coats on framboids (Fig. 11b).

Anhydrite concentrations are generally lower than 2% of the rock volume, but concentrations of up to 10% anhydrite were recorded in several samples. All anhydrite is authigenic and forms bedding-parallel poikilotopic cement (Fig. 11c) or is concentrated in nodules. It was not possible to distinguish different cement generations using SEM-CL due to the non-luminescent nature of anhydrite and lack of morphological differences between possible cement generations.

Phosphate concentrations are under 1 wt% in 90% of the samples. Phosphate occurs as phosphatized shell and shell debris (Fig. 10i), phosphatic nodules (Fig. 11d), grain coatings, or pore-filling cement. In addition, phosphate is also present as inclusions in dolomite and anhydrite cements (Fig. 11e). Although we considered all phosphate in our samples as authigenic, it is possible that some of the phosphate, particularly phosphate comprising shells and shell fragments is primary.

Organic matter:

Total organic carbon content averages 1.2 wt%, with minimum and maximum values of 0.05 and 4 wt%, respectively. Organic matter concentrations show no consistent trend with depth, but concentration generally decreases eastward toward the shallow basin. No primary (depositional) macerals were identified in this study based on morphology, thus the organic matter in our samples appears to be of secondary origin (i.e., bitumen or pyrobitumen). Organic matter fills interparticle porosity between detrital and authigenic particles (Fig. 11a), as well as intraparticle porosity in mica, pyrite, feldspars and dolomites (Fig. 11f).

Porosity, compaction, and Intergranular Volume (IGV)

Matrix porosity from helium pycnometry ranges from 0.6 to 27.1 % with an average of 9.0 %.

The error reported for these measurements is under 6% for all samples, and most commonly under 1.5%. Porosity reported from QEMSCAN analysis, which includes both open pores greater than 4.8 µm and organic matter, varies between 0.2 and 22.7%. In contrast, open porosity (primary and secondary porosity) estimated through point count analysis (Table 4) varies between 0.1 and 3.7%. No clear porosity-depth trends were observed with any method of porosity measurement. Matrix porosity and QEMSCAN macroporosity values are presented in Fig. 12.

Matrix porosity (which includes micropores, mesopores and macropores) is consistently greater than QEMSCAN porosity. Porosity measured by point counting is equal to or less than porosity measured by QEMSCAN, indicating that a large fraction of the pores is smaller than 4.8 µm, although we note that the QEMSCAN macroporosity data also include large (> 4.8 um) pores filled with organic matter. Secondary porosity (porosity generated through framework grain dissolution [START_REF] Siebert | A Theory of framework grain dissolution in sandstones[END_REF][START_REF] Harris | Diagenetic quartzarenite and destruction of secondary porosity: an example from the Middle Jurassic Brent sandstone of northwest Europe[END_REF] averages 4.2% of total porosity and only 0.2% of bulk rock volume.

Evidence for mechanical compaction is present at the microscopic scale in the form of bent or broken mica grains (Fig. 9a,b), deformed clay clumps around detrital grain (Fig. 9c), and fractured detrital grains (Fig. 7i-l). To quantify mechanical compaction, we assess IGVm [START_REF] Milliken | Silica diagenesis, porosity evolution, and mechanical behavior in siliceous mudstones, Mowry Shale (Cretaceous), Rocky Mountains, U.S.A[END_REF] Evidence for chemical compaction (pressure-solution) is recorded in a large number of samples, affecting mostly silicate minerals. For the most part, pressure-solution features only penetrate cement rims of silicate minerals (Fig. 11a), and in fewer cases non-cemented detrital quartz grains (Fig. 11b) As overgrowths are commonly of variable thickness, even around a single grain, quantitative assessment of dissolved volumes is difficult.

Relative timing of diagenetic events

Our data from the Montney Formation represent a wide range of burial depths and organic matter maturities, but a few systematic differences in the nature and distribution of diagenetic phases with depth are expressed in our data set that can be used to differentiate the age and timing of events. Based on petrographic features such as cement overgrowths and crosscutting relationships, we divide diagenetic processes into pre-burial diagenesis and post-burial diagenesis. The paragenetic sequence for the formation is presented in Fig. 13 and described below.

Pre-burial diagenetic events

Early or pre-burial diagenesis occurs at or very close to the sediment-water interface.

Preburial diagenetic processes include dissolution of unstable aragonite/calcite shells (Fig. 10h), phosphatization of bioclasts (Fig. 10i), and growth of phosphatic nodules (Fig. 11d) and grain coats (Fig. 11e).

Post-burial diagenetic events

Post-burial diagenetic events are largely characterized by mechanical compaction and massive cementation by carbonate and silicate minerals. The first cements to precipitate were the two generations of quartz (Fig. 7a), one generation of K-feldspar (Fig. 8a), one generation of Nafeldspar (Fig. 8b), and several generations of dolomite that include a final Fe-rich dolomite cement (Fig. 10b). Because no crosscutting or systematic overgrowth relationships were identified between the cement phases, we suggest they all precipitated relatively early (see discussion below) and approximately contemporaneously.

The earliest authigenic phases include quartz cement, non-ferroan dolomite cement, and feldspar cement and replacement, each surrounding a detrital core of the same mineral except for K-feldspar, which locally overgrows plagioclase. Two generations of poikilotopic calcite cement were identified, both precipitated around earlier authigenic phases (quartz, feldspars and dolomite), (Fig. 10e). The first generation of calcite cement contains pyrite inclusions (Fig. 10g)

and thus postdates the formation of at least some of the pyrite. Calcite that replaces dolomite (Fig. 10g) shares similar luminescence with the second generation of calcite cement, suggesting that both precipitated from a single fluid and are contemporaneous.

Much like calcite cement, anhydrite is poikilotopic, engulfing early authigenic phases (quartz, feldspar, and dolomite), (Fig. 11c). None of our SEM-CL samples contained both anhydrite and calcite, and we were unable to constrain the relative temporal relationship between these two phases. However, as both calcite and anhydrite cements engulf and thus postdate quartz, feldspar and dolomite cements, we interpret them as approximately contemporaneous.

Pressure solution penetrates cement rims of quartz and feldspars and were thus developed after these cements precipitated (Fig. 14). However, the temporal relationship between pressure solution and calcite and anhydrite cements based on petrographic evidence is unclear.

Pyrite occurs in numerous forms, as inclusions in different cements (calcite, dolomite, feldspar and chert), in open pore space (Fig. 7b), within patches of organic matter (Fig. 9b,d; Fig. 11a), and between sheets of mica grains. This suggests that pyrite formation was a recurring process that began shortly after deposition and ended, at the earliest, with the formation of calcite cement although crystal growth in open pores could have continued for much longer.

Residual hydrocarbons (bitumen and pyrobitumen) plug a large portion of the original interand intragranular pores, including secondary porosity that developed in cemented grains (Fig. 11a,f). This indicates that hydrocarbon emplacement postdated cementation of feldspars, quartz, dolomite, calcite and anhydrite and that grain dissolution either predated or was contemporaneous with the emplacement organic matter. In samples where secondary porosity is not filled with organic matter (Fig. 8f), this temporal relationship is less well constrained.

Micropores developed in some of the organic matter in wells at high thermal maturity.

As suggested by the preservation of their delicate structure and their pore filling and/ or pore bridging nature, the last phases to crystalize in the Montney Formation are fibrous illite (Fig. 9f) and kaolinite clays (Fig. 9d), especially in the shallowly buried eastern wells (well 15 and well 16).

Fibrous illite locally overgrows kaolinite, indicating that illite precipitation postdates the formation of kaolinite.

Unconstrained diagenetic events

Some diagenetic events lack clear evidence with regard to timing. Minor dissolution identified in detrital chert (Fig. 7b), feldspars (Fig. 8b) and dolomite grains (Fig. 10b) is not well constrained.

Dissolution is restricted to detrital grains and does not occur in any of the cement overgrowths.

Partial dissolution of detrital grains may be associated with pre-burial transport and weathering processes but could also be a post-depositional event. Similarly, we were not able to constrain the timing of albitization of detrital K-feldspar (Fig. 8d) and Na-feldspar grains (Fig. 8e). Finally, the relative timing of hydrocarbons migration/generation with respect to clay minerals precipitation is not entirely clear.

Discussion

Grain size, sorting, and sediment transport mechanism

Grain size and sorting can provide information about depositional processes and energy levels of the transporting medium (commonly wind or water) at the site of deposition. The mean grain size of samples from group one averages at 4.2 φ (54 µm) whereas mean grain size of samples from groups two and three averages at 5.0 φ (31 µm). The mode (most abundant grain size)

varies over a narrow range, between 4.4 -4.8 φ (36.7 and 46.3 µm). Our observations are consistent with [START_REF] Barber | Sedimentology, diagenesis and reservoir characterization of the Montney Formation at Sturgeon Lake South 'F' pool west-central Alberta[END_REF] and [START_REF] Sanei | Simple petrographic grain size analysis of siltstone reservoir rocks: an example from the Montney tight gas reservoir (Western Canada)[END_REF], who also assessed grain size in the Montney Formation through microscopy, but our modal values are slightly smaller than [START_REF] Davies | Aeolian sedimentation and bypass, Triassic of western Canada[END_REF], who reported that grain size varied between 3 and 4.6 φ (40 to 120 µm) with a majority of the samples falling between 3.5 and 4 φ (62.5 -88 µm).

Our samples are moderately to poorly sorted (based on 1σ, Table 2), whereas other studies describe the Montney siltstone as moderately to well-sorted [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Barber | Sedimentology, diagenesis and reservoir characterization of the Montney Formation at Sturgeon Lake South 'F' pool west-central Alberta[END_REF][START_REF] Sanei | Simple petrographic grain size analysis of siltstone reservoir rocks: an example from the Montney tight gas reservoir (Western Canada)[END_REF]. Different grain size distribution [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF] and sorting patterns [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Barber | Sedimentology, diagenesis and reservoir characterization of the Montney Formation at Sturgeon Lake South 'F' pool west-central Alberta[END_REF] arise because prior studies relied largely on thin section analysis and almost exclusively examined shoreface and turbidites facies within the Montney that tend to be better sorted, whereas this study examined a wider range of lithofacies using high resolution electron microscopy imaging. Sampling locations were not reported by [START_REF] Sanei | Simple petrographic grain size analysis of siltstone reservoir rocks: an example from the Montney tight gas reservoir (Western Canada)[END_REF], making comparison to our results difficult.

Similar to [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF] and [START_REF] Barber | Sedimentology, diagenesis and reservoir characterization of the Montney Formation at Sturgeon Lake South 'F' pool west-central Alberta[END_REF], we suggest that grain size distribution indicates that sediments were introduced into the basin via a mixed traction and suspension aeolian transport mechanism [START_REF] Tsoar | Dust transport and the question of desert loess formation[END_REF][START_REF] Bullard | Dust. In Geomorphology of Desert Environments[END_REF]Nickling and Neumann, 2009). In this regard, the Montney siltstone is similar to other loess deposits (e.g., [START_REF] Mason | Sedimentary aggregates in the Peoria Loess of Nebraska[END_REF][START_REF] Sun | Grain size of loess, palaeosol and Red Clay deposits on the Chinese Loess Plateau: Significance for understanding pedogenic alteration and palaeomonsoon evolution[END_REF][START_REF] Prins | Glacial and interglacial eolian dust dispersal patterns across the Chinese Loess Plateau inferred from decomposed loess grain-size records[END_REF][START_REF] Crouvi | Sand dunes as a major proximal dust source for late Pleistocene loess in the Negev Desert, Israel[END_REF][START_REF] Nottebaum | Unmixed loess grain size populations along the northern Qilian Shan (China): relationships between geomorphologic, sedimentologic and climatic controls[END_REF], although the medium in which sediments were finally deposited was water. [START_REF] Zonneveld | Perennial river deltas of the Montney Formation: Alberta and British Columbia subcrop edge[END_REF]2018) proposed a more complex array of transport processes, involving windblown material accumulation in fluvial channels of ephemeral rivers that drained into the basin during flash floods. The authors, however, agreed that aeolian processes contributed significantly to sediment accumulation in the Montney Formation siltstone.

Depth and time constraints on diagenetic processes

Compaction and cementation act in combination to reduce the depositional porosity of the rock. However, while mechanical compaction acts to reduce IGV (or IGV m in mudrocks), cementation can preserve IGV or IGV m if cementation occurs before maximum compaction was achieved. Once formed and unless dissolution of cement occurs, cement volume remains unchanged with continuing burial. Thus, estimates of IGV m and cement volumes can constrain dominant mechanisms of porosity loss and the timing of cement formation, provided some knowledge of initial porosity is available.

Information on the depositional porosity of silt-size sediments is scarce. [START_REF] Hedberg | The Effect of gravitational compaction on the structure of sedimentary rocks[END_REF] and [START_REF] Chilingarian | Compactional Diagenesis[END_REF] estimated initial porosities for siltstones to be between 50 and 80%. A compilation of porosities for silt-rich sediments (silt-size grain content of 60 to 90%) between 0 and 1700 m from the Ocean Drilling Program was reported by [START_REF] Kominz | Lithology dependence of porosity in slope and deep marine sediments[END_REF]. In this dataset, depositional porosity of silt-rich sediment varies between 40 and 95%. However, within a few tens of meters of burial, porosity in most measurements is reduced to about 60%. We thus selected 60% as the depositional porosity for the Montney siltstone, similar to values of 53 to 57% assumed by [START_REF] Ness | The application of basin analysis to the Triassic succession, Alberta Basin: an investigation of burial and thermal history and evolution of hydrocarbons in Triassic rocks[END_REF] in a basin modeling study of several Montney wells. In the [START_REF] Kominz | Lithology dependence of porosity in slope and deep marine sediments[END_REF] dataset, porosity for silt-rich sediments is well-constrained (more than one measurement in similar depths) up to a depth of 1200 m (black curve, Fig. 15).

Calculations of IGV m and estimates of the timing of cement formation can be erroneous if cements were dissolved. In the Montney Formation, however, there is little evidence for cement dissolution, other than through pressure solution. From SEM-CL analysis, we established that chemical compaction affected mostly overgrowths and was rarely documented to influence detrital grains. Although it is difficult to quantify the effect of pressure solution, it is reasonable to assume that chemical compaction made only a minor contribution to porosity reduction in the formation.

Minimum IGV m value (27.6%, sample 5V, well 4) can be used as a lower limit to the depositional porosity of the sediment, and maximum IGV m value (69.4%, sample 4V, well 4) can be used as the upper limit of sediment porosity at the time of deposition. The IGV m of most samples (14 of 17 samples) is between 31.1 and 51.9. All the samples were retrieved from depths larger than 2280 m (Table 4), but the high IGV m values of the samples suggest that compaction ceased at a much shallower depth, ranging from 150 to 1100 m. Green arrows in Fig. 15 indicate the cementation depths of three samples with IGV value of 52% (Fig. a), 40% (Fig. 15b) and 27.6% (Fig. 15c). Samples with IGV m > 60% could not be placed on the compaction curve. An IGV m value that is higher than the depositional porosity of the rock suggests that some of the cement precipitated in pores previously occupied by detrital grains.

Depositional porosity of clean, well-sorted sands is approximately 45% [START_REF] Paxton | Construction of an intergranular volume compaction curve for evaluating and predicting compaction and porosity loss in rigid-grain sandstone reservoirs[END_REF].

Sandstones reach maximum compaction at about 2 to 2.5 Km, at which point porosity stabilizes at 26% and is not further reduced with additional burial [START_REF] Paxton | Construction of an intergranular volume compaction curve for evaluating and predicting compaction and porosity loss in rigid-grain sandstone reservoirs[END_REF] (Fig. 15). The siltrich sediment of the Montney Formation is moderately to poorly sorted (Table 3), and it is possible that its initial porosity is lower than 60% and closer to that of sands. In this case, the siltstone compaction curve should shift closer to the sandstone compaction curve (blue curve in Fig. 15), which would result in shallower estimates of cementation depth for most of our samples. If depositional porosity was closer to 45%, this would also indicate that samples with IGV m values larger than 45% have experienced some degree of detrital material dissolution.

IGV m can also be used to assess the relative effects of compaction (compactional porosity loss, COPL) and cementation (cementational porosity loss, CEPL) using equations 1 and 2 [START_REF] Ehrenberg | Assessing the relative importance of compaction processes and cementation to reduction of porosity in sandstones: reply[END_REF]:

(1) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = ∅ 𝑖𝑖 - �(100-∅ 𝑖𝑖 ) * 𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚 � 100-𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚 (2) 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (∅ 𝑖𝑖 -𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) * 𝐶𝐶 𝑚𝑚 𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚
Where ∅ 𝑖𝑖 is the depositional porosity of the sediment, and 𝐶𝐶 𝑚𝑚 is the combined volume of cement and secondary organic matter (bitumen) in primary pores [START_REF] Milliken | Silica diagenesis, porosity evolution, and mechanical behavior in siliceous mudstones, Mowry Shale (Cretaceous), Rocky Mountains, U.S.A[END_REF].

Assuming a depositional porosity of 60% in these calculations, cementation was responsible for more porosity loss than compaction (CEPL > COPL; Table 4) in samples that were cemented at a very shallow depth (<300 m) and thus have preserved IGV m values larger than 44%. Heavily cemented samples are not unique to a single well, a single lithofacies, or a particular member of the formation, making it difficult to identify an individual control for cementation in these samples.

Compaction was responsible for most of the porosity loss in a majority of the samples (COPL > CEPL). These samples were cemented at a greater depth (300 -1100 m) and thus record smaller IGV m values (27.6 -40.6%). This suggests that the initial compaction rate of the siltstone was very high, and only samples that were cemented within the top 300 m of the interval retained high IGV m values. However, even samples with lower IGV m values were also cemented at a relatively shallow depth (< 1100 m). The presence of reworked clasts containing dolomite cement at the top of each Montney member [START_REF] Davies | Regional subdivisions, sequences, correlations and facies relationships of the Lower Triassic Montney Formation, west-central Alberta to northeastern British Columbia, Canada -with emphasis on role of paleostructure[END_REF] ,500 m at the end of the Jurassic. We propose that shallow burial cementation occurred during this time period (Fig. 13).

Preburial and shallow burial diagenetic processes

In order to understand processes controlling dissolution and cementation at the sedimentwater interface and during very shallow burial, one needs to consider the environmental conditions under which the Montney siltstone was deposited. Early Triassic oceans were hot, acidic, and at least intermittently oxygen-depleted [START_REF] Sobolev | Linking mantle plumes, large igneous provinces and environmental catastrophes[END_REF][START_REF] Zonneveld | Suspending the rules: unraveling the ichnological signature of the Lower Triassic post-extinction recovery interval[END_REF][START_REF] Sun | Lethally hot temperatures during the Early Triassic greenhouse[END_REF][START_REF] Clarkson | Ocean acidification and the Permo-Triassic mass extinction[END_REF][START_REF] Kiehl | Climate simulation of the latest Permian: implications for mass extinction[END_REF]. Worldwide ocean acidification began at the end of the Permian and extended into the Middle Triassic, caused by increased atmospheric CO 2 concentrations that originated from the Siberian Traps volcanic eruptions.

Elevated atmospheric CO 2 was also responsible for elevated surface ocean temperatures, which exceeded 32 o C near the equator [START_REF] Sun | Lethally hot temperatures during the Early Triassic greenhouse[END_REF] and 26 o C at 30 o N latitude [START_REF] Kiehl | Climate simulation of the latest Permian: implications for mass extinction[END_REF]. Models show that ocean temperatures did not significantly diminish with depth, leading to arrested oceanic circulation and widespread deep-water anoxia [START_REF] Kiehl | Climate simulation of the latest Permian: implications for mass extinction[END_REF]. Anoxic or dysoxic bottom water conditions are proposed for the time of the Montney siltstone deposition, based on the presence of sulfide pseudomorphs of pollen grains and spores, the paucity of trace fossils, and concentration of redox-sensitive trace elements (U, V and Mo) [START_REF] Zonneveld | Sedimentology and ichnology of the Lower Triassic Montney Formation in the Pedigree-Ring/Border-Kahntah River area, northwestern Alberta and northeastern British Columbia[END_REF][START_REF] Crombez | Basin scale distribution of organic matter in marine fine-grained sedimentary rocks: insight from sequence stratigraphy and multi-proxies analysis in the Montney and Doig Formations[END_REF]. Under acidic and reducing conditions, the saturation limits in ocean water are high for alkaline elements such as sodium, potassium and calcium, as well as magnesium and iron [START_REF] Tribovillard | Trace metals as paleoredox and paleoproductivity proxies: an update[END_REF][START_REF] Caracciolo | The diagenetic destruction of porosity in plutoniclastic petrofacies: the Miocene Diligencia and Eocene Maniobra formations, Orocopia Mountains, southern California, USA[END_REF].

Calcite dissolution:

The lack of detrital calcite in the Montney Formation can be attributed to global oceanic acidification during the early Triassic [START_REF] Sobolev | Linking mantle plumes, large igneous provinces and environmental catastrophes[END_REF][START_REF] Zonneveld | Suspending the rules: unraveling the ichnological signature of the Lower Triassic post-extinction recovery interval[END_REF][START_REF] Clarkson | Ocean acidification and the Permo-Triassic mass extinction[END_REF] and elevation of the calcite compensation depth (CCD) to shallow marine settings [START_REF] Playter | Petrographic and x-ray microtomographic analysis of the Upper Montney Formation[END_REF]. Acids released by decaying organic matter [START_REF] Wallmann | Silicate weathering in anoxic marine sediments[END_REF] or the presence of unstable aragonitic precursors may have also contributed. Dissolution processes may also have formed the small dissolution pits observed in many of the detrital minerals (mainly feldspars, dolomite, and chert), although these features may also be related to grain weathering during sediment transport.

Feldspars and dolomite cementation

We suggest that pH stabilized shortly after deposition through mineral dissolution that released alkali elements into the pore water. The increased alkalinity was expressed through the precipitation of feldspars and dolomite cements, as well pyrite and iron-rich dolomite, indicating a decrease in the solubility of the dissolved alkali elements [START_REF] Tribovillard | Trace metals as paleoredox and paleoproductivity proxies: an update[END_REF][START_REF] Caracciolo | The diagenetic destruction of porosity in plutoniclastic petrofacies: the Miocene Diligencia and Eocene Maniobra formations, Orocopia Mountains, southern California, USA[END_REF].

Dolomitization models, specifically the evaporative-brine refluxing model (Saller and Henderson, 1998 and reference therein;[START_REF] Warren | Dolomite: occurrence, evolution and economically important associations[END_REF][START_REF] Machel | Concepts and models of dolomitization: a critical reappraisal[END_REF]) may apply to the Montney Formation. This model, proposed originally by [START_REF] Adams | Dolomitization by seepage refluxion[END_REF] and documented in ancient and modern platforms and ramps worldwide [START_REF] Saller | Distribution of porosity and permeability in platform dolomites: insight from the Permian of west Texas[END_REF][START_REF] Warren | Dolomite: occurrence, evolution and economically important associations[END_REF][START_REF] Machel | Concepts and models of dolomitization: a critical reappraisal[END_REF], provides a mechanism for fluxing large volumes of water through shallowly buried sediment. According to this model, dense hypersaline brines, saturated with calcium and magnesium. form in lagoons through evaporation and sink downward through the underlying rock where dolomite precipitates due to retrograde solubility [START_REF] Warren | Dolomite: occurrence, evolution and economically important associations[END_REF][START_REF] Jones | Dolomitization, anhydrite cementation, and porosity evolution in a reflux system: insights from reactive transport models[END_REF].

The reflux model provides an explanation for the large volumes of early cement in the Montney Formation, in particular the dolomite cement that comprises 12% of the rock volume. We postulate that an evaporative lagoon existed on the updip margin of the basin, where dense saline brines formed and migrated downward and basinward, following permeable pathways. Although the updip portion of the Montney Formation was eroded during the Late Cretaceous Laramide Orogeny [START_REF] Edwards | Triassic strata of the Western Canada Sedimentary Basin[END_REF][START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF][START_REF] Moslow | Reservoir architecture of a fine-grained turbidite system: Lower Triassic Montney Formation, Western Canada Sedimentary Basin[END_REF], the presence of an evaporative lagoon is consistent with our understanding of Early Triassic climate for the area, which is inferred to have been arid based on the presence of aeolian dunes, palynomorphs, regionally extensive anhydrite and reworked anhydrite nodules in the Montney Formation and the age-equivalent Sulphur Mountain Formation [START_REF] Zonneveld | Palaeogeographic setting, lithostratigraphy, and sedimentary framework of the Lower Triassic Montney Formation of western Alberta and northeastern British Columbia[END_REF] and reference therein). The saline brines, which would have originated from seawater, possibly mixed with some fraction of hydrothermal fluids [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF], advected the solutes responsible for the massive precipitation of quartz, feldspars, calcite, dolomite, ferroan-dolomite, pyrite, and anhydrite cements that account for over 30% of the rock mass in the Montney siltstone (Table 4).

Evaporated seawater also contains elevated concentration of sodium and potassium. We propose that the dolomitizing fluids also carried sufficient sodium to precipitate Na-feldspar cements and enable albitization, in accordance with models proposed by [START_REF] Kalsbeek | Large-scale albitisation of siltstones on Qeqertakavsak Island, northeast Disko Bugt, West Greenland[END_REF] and [START_REF] González-Acebrón | Role of sandstone provenance in the diagenetic albitization of feldspars: a case study of the Jurassic Tera Group sandstones (Cameros Basin, NE Spain)[END_REF]. Increased potassium concentrations in evaporated seawater, together with potassium released by albitization of K-feldspar (Fig. 8d) would have provided solutes for the precipitation of K-feldspar cement.

Quartz:

The precipitation of large volumes of quartz cement is commonly considered to be triggered by temperature-dependent reactions that occur during deep burial (for example: [START_REF] Mcbride | Quartz cement in sandstones: a review[END_REF][START_REF] Walderhaug | Temperatures of quartz cementation in Jurassic sandstones from the Norwegian continental shelf; evidence from fluid inclusions[END_REF][START_REF] Giles | The origin of large-scale quartz cementation: evidence from large data sets and coupled heat-fluid mass transport modelling[END_REF]. However, high IGV values, together with overgrowth relationships that indicate quartz cement preceded calcite cement, indicate shallow cementation.

Total quartz cement concentration (first and second generations) varies between 3.5 and 11.6%, with an average of 7.4% (Table 4). Shallow (1-2 Km) quartz cementation of such volumes is documented in reservoirs world-wide [START_REF] Fisher | Microstructures of deformed and non-deformed sandstones from the North Sea: implications for the origins of quartz cement in sandstones[END_REF][START_REF] Giles | The origin of large-scale quartz cementation: evidence from large data sets and coupled heat-fluid mass transport modelling[END_REF][START_REF] Harris | Diagenetic quartzarenite and destruction of secondary porosity: an example from the Middle Jurassic Brent sandstone of northwest Europe[END_REF] and attributed to feldspar dissolution, reprecipitation of dissolved siliceous skeletal grains, pressure solution, and precipitation from silica-saturated meteoric water (McBride, 1989 and reference therein; [START_REF] Giles | The origin of large-scale quartz cementation: evidence from large data sets and coupled heat-fluid mass transport modelling[END_REF]Worden and Morad, 2000 and reference therein).

The solubility of silica in water is very low (Williams et al., 1985 and reference therein), and improbably high volumes of water would be required to supply enough silica to precipitate the volumes of quartz cement in the Montney (Worden and [START_REF] Giles | The origin of large-scale quartz cementation: evidence from large data sets and coupled heat-fluid mass transport modelling[END_REF]. There is also no indication of silica influx from neighboring mudrocks in the form of increased quartz cementation towards the top or bottom edges of the Montney. Therefore, an internal silica source for quartz cement is favored. We suggest that several internal sources combined to provide silica for the two generations of quartz cement.

Some silica was provided through in-situ dissolution and/or recrystallization of chert, although this cannot account by itself for the volumes of quartz cement in the samples. Dissolution of chert grains is readily identified through SEM imaging (Fig. 7c), and evidence for chert recrystallization is in the form of intact, euhedral quartz grains that retained some of the mottled luminescence texture of chert (Fig. 7b). Angular holes identified on the surface of quartz overgrowth (Fig. 7h)

suggest the incomplete recrystallization of chert to quartz (see Hattori et al.'s (2003) study of the Miocene Kunimi Formation in Japan). Alternatively, the angular cavities in chert grains and dissolution porosity in chert may reflect decalcification of the chert (tripolitic chert; [START_REF] Manger | Tripolitic chert development in the Mississippian lime: new insights from SEM[END_REF].

Silt-size quartz grains themselves may have been another potential source for the quartz cement. The structure of all quartz crystals terminates in a thin layer (~100 nm) of amorphous silica [START_REF] Cecil | Eolian dust and the origin of sedimentary chert[END_REF]) that is much more soluble than quartz [START_REF] Aase | The effect of grain-coating microquartz on preservation of reservoir porosity[END_REF] and can become an important source for silica [START_REF] Cecil | Eolian dust and the origin of sedimentary chert[END_REF]. Experiments on mechanically abraded quartz grains demonstrated that the lattice structure of quartz is distorted to a depth of at least 15 µm, rendering the outer section of the grain metastable and relatively soluble (Cecil, 2004 and references therein). These experiments suggest that silt-size quartz grains deposited by aeolian processes, particularly very small grains (2-3 microns) are highly reactive and can be easily dissolved, which suggests that the original detrital composition may have been more quartz-rich than at present.

Another fraction of the quartz cement may have been be sourced from biogenic silica. Reports of biogenic silica in the Montney Formation are rare. [START_REF] Zelazny | Sedimentology, stratigraphy and geochemistry of Sulphur Mountain (Montney equivalent) Formation outcrop in south central Rocky Mountains, Alberta, Canada[END_REF] hypothesized that chert in the time-equivalent Sulphur Mountain Formation in Alberta resulted from recrystallization of concentrations of radiolarian and/or sponge spicules. In mudrocks, excess of silicon relative to aluminum indicates the presence of biogenic silica [START_REF] Tribovillard | Trace metals as paleoredox and paleoproductivity proxies: an update[END_REF][START_REF] Ross | The importance of shale composition and pore structure upon gas storage potential of shale gas reservoirs[END_REF]. [START_REF] Wüst | Chemostratigraphy, petrography, and SEM investigations of the Lower Triassic Montney Formation in Alberta: Implications for a new and revised diagenetic and depositional model[END_REF] suggested that biogenic silica is an important component in at least 2 intervals within the Montney Formation in Alberta, based on Al/Si ratios and results from principal component analysis. However, whole rock concentrations of both aluminum and silicon in the Montney Formation are affected by the presence of large amounts of quartz and feldspars cements and authigenic clays, and in this case, increased ratio between silicon and aluminum cannot be easily used to indicate the presence of biogenic silica.

Our petrographic observations suggest that a small amount of biogenic silica is preserved in the Montney Formation in the form of silica nanospheres (Fig. 7g), interpreted to be the product of bacterial activity [START_REF] Al Rajaibi | Origin and variability of a terminal Proterozoic primary silica precipitate, Athel Silicilyte, South Oman Salt Basin, Sultanate of Oman[END_REF][START_REF] Milliken | Silica diagenesis, porosity evolution, and mechanical behavior in siliceous mudstones, Mowry Shale (Cretaceous), Rocky Mountains, U.S.A[END_REF][START_REF] Longman | A comparison of silica diagenesis in the Devonian Woodford shale (Central Basin Platform, West Texas) and Cretaceous Mowry shale (Powder River Basin, Wyoming)[END_REF], and possible remnants of agglutinated foraminifera (Fig. 7d). Silica nanosphere cement is difficult to identify in polished Montney samples, but examination of freshly exposed surfaces under the SEM indicates that it is a minor type of silica cement. It is possible, however, that some of the biogenic silica was dissolved and incorporated into one of the generations of quartz cements.

The illitization of smectite (discussed below) also would have released large amounts of silica [START_REF] Hower | Mechanism of burial metamorphism of argillaceous sediment: 1. Mineralogical and chemical evidence[END_REF][START_REF] Boles | Clay diagenesis in Wilcox sandstones of Southwest Texas; implications of smectite diagenesis on sandstone cementation[END_REF], which may have contributed to the first generation of quartz cement. Mass balance calculations assuming an initial composition of 20% smectite (appendix 2) show that illitization of smectite would have contributed 5-20% of the silica composing the first quartz cement generation.

Finally, some of the quartz cement originated from pressure solution (Fig. 7b, Fig. 14).

Pressure solution is generally associated with high temperatures during deep burial [START_REF] Walderhaug | Temperatures of quartz cementation in Jurassic sandstones from the Norwegian continental shelf; evidence from fluid inclusions[END_REF][START_REF] Bloch | Anomalously high porosity and permeability in deeply buried sandstone reservoirs: origin and predictability[END_REF], but other studies (summarized by [START_REF] Makowitz | Quantification of brittle deformation in burial compaction, Frio and Mount Simon Formation sandstones[END_REF] suggest that quartz dissolution is enhanced, even at low temperatures, by the presence of fractures close to the dissolution front in quartz grains. However, we did not identify a clear relationship between quartz microfractures and the presence of pressure solution.

Quartz cement volumes vary over a wide range (2 to 11 wt%) for samples with average grain sizes < 20 µm. Samples with coarser grain size usually have larger cement volumes (5-12 wt%) (Fig. 16a). We propose that a major control on quartz cementation is the abundance of detrital clay coatings on detrital quartz grains (Fig. 7c,9c), which inhibit quartz cementation by blocking nucleation cites [START_REF] Heald | Influence of coatings on quartz cementation[END_REF][START_REF] Wilson | Inherited grain-rimming clays in sandstones from eolian and shelf environments: their origin and control on reservoir properties. Origin Diagenesis and Petrophysics of Clay Minerals in Sandstones[END_REF]. [START_REF] Needham | Experimental production of clay rims by macrobiotic sediment ingestion and excretion processes[END_REF] demonstrated that clay coats can be generated through digestive processes of worms. Lithofacies in group one have the highest bioturbation index (Table 2) and are thus more likely to have clay coats and consequently lower quartz cement volume. It is worth noting, however, that the presence of clay coats is not directly related to clay abundance. Group one samples have the lowest amount of total clay and high quartz cement volume, while samples from group three have higher total clay concentration but similarly high quartz cement volume. (Fig. 16b).

Pyrite

Pyrite framboids form under euxinic conditions, either in the water column or below the watersediment interface [START_REF] Wilkin | The size distribution of framboidal pyrite in modern sediments: An indicator of redox conditions[END_REF][START_REF] Wilkin | Formation processes of framboidal pyrite[END_REF][START_REF] Wignall | Pyrite framboid diameter as a measure of oxygen deficiency in ancient mudrocks[END_REF]. [START_REF] Berner | Sedimentary pyrite formation: an update[END_REF] and [START_REF] Wilkin | The size distribution of framboidal pyrite in modern sediments: An indicator of redox conditions[END_REF] demonstrated that framboids growing in a euxinic water column are generally <6 µm and are more uniform in size than framboids growing in sediment, whereas crystalline pyrite is thought to develop only within the sediment itself. The wide size variation in pyrite framboids observed in our samples, together with the presence of crystalline pyrite suggest that pyrite precipitation occurred mostly within the sediment rather than in the water column. Pyrite precipitation requires both iron and sulfur to be available in the pore water. Based on sulfur and oxygen isotopic composition, [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF] postulated that a sulfur-rich fluid derived from a mix of Triassic seawater, brines sourced from Devonian evaporites in the WCSB, and in-situ anhydrite dissolution was present in the porewater of the siltstone.

Calcite and anhydrite cementation

Sources for calcite cement in the Montney are unclear but it has been postulated to be derived from carbonate dissolution in the underlying Permian strata [START_REF] Nassichuk | Sedimentology, diagenesis and reservoir development of the lower Triassic Montney formation[END_REF], possibly due to hydrothermal fluid involvement [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF]. Our petrographic observations demonstrate only one generation of anhydrite cement, although [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF] identified two generations of anhydrite in the Montney Formation based on sulfur isotopic compositions.

Consistent with our observations, [START_REF] Davies | The Lower Triassic Montney Formation, westcentral Alberta[END_REF] and [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF] attributed all of the anhydrite cementation to early diagenesis (shallow diagenesis in this study). Based on sulfur and oxygen isotopic compositions, [START_REF] Liseroudi | Origin of sulfate-rich fluids in the early Triassic Montney Formation, Western Canadian Sedimentary Basin[END_REF] suggested that the first anhydrite cement precipitated directly from Triassic seawater, whereas the later generation shows compositional similarities to underlying Devonian evaporites.

Illitization and albitization:

Compositional variations of MLIS clays in the Montney Formation provide additional information about the diagenetic evolution of the siltstone. Our QEMSCAN analysis results

indicate that the major clay species in the Montney Formation are illite and MLIS (70-98% of total clay content), and quantitative XRD analysis determined MLIS composition to be illite (95)/ smectite [START_REF] Vaisblat | Controls on Reservoir Quality in the Lower Triassic Montney Formation[END_REF] with insignificant swelling potential throughout most of the basin. Reports of swelling clays in the Montney are limited to the Ring-Border and Dixonville fields (Fig. 1) at the northeastern margin of the formation [START_REF] Edwards | Triassic strata of the Western Canada Sedimentary Basin[END_REF][START_REF] Zonneveld | Suspending the rules: unraveling the ichnological signature of the Lower Triassic post-extinction recovery interval[END_REF]Moslow, 2014, 2018).

Quantitative XRD analysis of three samples taken from the Dixonville field (well 16, Fig. 1) confirmed the presence of MLIS with approximately 20% swelling layers (illite (80)/ smectite (20)).

SEM examination of freshly exposed surfaces indicated that all the clays in those samples (other than kaolinite) have a detrital morphology and although they may have been chemically altered from a detrital precursor, they did not precipitate in situ.

The occurrence of slightly swelling clays geographically near and at similar burial depth to occurrences of non-swelling clays indicates that reduction of swelling potential (conversion smectite to illite) of the clays in the Montney does not result from high temperatures (>90 o C), as has been convincingly demonstrated for illitization of smectite in the Gulf of Mexico [START_REF] Hower | Mechanism of burial metamorphism of argillaceous sediment: 1. Mineralogical and chemical evidence[END_REF][START_REF] Boles | Clay diagenesis in Wilcox sandstones of Southwest Texas; implications of smectite diagenesis on sandstone cementation[END_REF]. As it is unlikely that the Ring-Border and Dixonville deltas (Fig. 1) had a different sediment source than the rest of the formation, a different model for illitization of smectite is required. We suggest that this process was a time-dependent, low temperature reaction, taking place at temperatures of 60-80 o C, over extended period of time (10 8 years). Such a process would have required sufficient permeability to allow large volumes of water to interact with the rock [START_REF] Buatier | Smectite-Illite transition in Barbados accretionary wedge sediments: TEM and AEM evidence for dissolution/crystallization at low temperature[END_REF][START_REF] Kirsimäe | Low-temperature diagenetic illite-smectite in Lower Cambrian clays in North Estonia[END_REF][START_REF] Moore | Diagenesis of the Purington Shale in the Illinois Basin and implications for the diagenetic state of sedimentary rocks of shallow Paleozoic basins[END_REF]. We propose that partially illitized detrital MLIS clays were deposited as dispersed material between other matrix components. The MLIS clays were further illitized to their current composition [illite (95)/ smectite [START_REF] Vaisblat | Controls on Reservoir Quality in the Lower Triassic Montney Formation[END_REF]] over 100 million years following deposition, as the Montney was slowly buried to a maximum depth of ~1500 m. Prolonged shallow burial maintained high porosity and permeability in the siltstone, allowing large volumes of fluid to pass through the formation and interact with the available MLIS.

The illitization of smectite consumes potassium. Mass balance calculations based on point count results (appendix 2) show that albitization (replacement of K-feldspar by Na-feldspar) would have released sufficient potassium to illitize all MLIS clays in the Montney to their present-day composition, similar to models developed for a number of other settings [START_REF] Hower | Mechanism of burial metamorphism of argillaceous sediment: 1. Mineralogical and chemical evidence[END_REF][START_REF] Morad | Diagenetic replacement of feldspars by quartz in sandstones[END_REF][START_REF] Saigal | Diagenetic albitization of detrital K-feldspar in Jurassic, Lower Cretaceous, and Tertiary clastic reservoir rocks from offshore Norway, I. Textures and origin[END_REF][START_REF] Reference Aagaard | Diagenetic albitization of detrital K-feldspars in Jurassic, Lower Cretaceous and Tertiary clastic reservoir rocks from offshore Norway; II, Formation water chemistry and kinetic considerations[END_REF]. Post-burial K-feldspar and mica dissolution may have also contributed potassium [START_REF] Moore | Diagenesis of the Purington Shale in the Illinois Basin and implications for the diagenetic state of sedimentary rocks of shallow Paleozoic basins[END_REF].

For the most part, clays in the Montney Formation are dispersed within the matrix of hard grains. The slightly swelling clays [illite (80)/ smectite (20)] in the Dixonville and Ring Border deltas however were deposited mostly in several cm thick beds. The lower permeability of these beds restricted fluid flow and thus potassium supply and led to the preservation of some swelling potential in these clays.

Organic matter

The origin of organic matter in the Montney, whether primary (i.e., present in the siltstone at the time of deposition) or the result of hydrocarbons migration, is still vigorously debated.

Movement of liquid hydrocarbon within the siltstone is recorded by flow structure preserved in solid pyrobitumen [START_REF] Chalmers | Geological evaluation of Halfway-Doig-Montney hybrid gas shale-tight gas reservoir, northeastern British Columbia[END_REF][START_REF] Akai | Petrophysical analysis of a tight siltstone reservoir: Montney Formation, Western Canada[END_REF][START_REF] Sanei | Characterization of organic matter fractions in an unconventional tight gas siltstone reservoir[END_REF][START_REF] Wood | Solid bitumen as a determinant of reservoir quality in an unconventional tight gas siltstone play[END_REF][START_REF] Wood | Organic petrography and scanning electron microscopy imaging of a thermal maturity series from the Montney tightgas and hydrocarbon liquids fairway[END_REF], but these observations have no bearing on the source of the liquid hydrocarbons.

Some oil-to-source correlation studies concluded that oil migrated into the Montney from the overlying Doig, Nordegg, and the Exshaw Formations [START_REF] Riediger | Triassic oils and potential Mesozoic source rocks, Peace River Arch area, Western Canada Basin[END_REF][START_REF] Chatellier | Geochemically focused integrated approach to reveal reservoir characteristics linked to better Montney productivity potential[END_REF][START_REF] Feng | Oil and source correlations of Triassic Montney Formation in WCSB: implication to shale gas resource potential in: GeoConvention[END_REF] but others suggest that at least some hydrocarbons were generated in the western section of the Montney Formation [START_REF] Feng | Oil and source correlations of Triassic Montney Formation in WCSB: implication to shale gas resource potential in: GeoConvention[END_REF]Feng, personal communication).

However, depositional macerals have never been reported from this deeply buried western section of the formation, possibly because of the high maturity that makes it is extremely difficult to distinguish pyrobitumen from kerogen, if the latter is present in the rock [START_REF] Lewan | Thermal-maturity limit for primary thermogenic-gas generation from humic coals as determined by hydrous pyrolysis[END_REF].

The presence of depositional macerals and remnant generation potential are also disputed. [START_REF] Sanei | Characterization of organic matter fractions in an unconventional tight gas siltstone reservoir[END_REF] and [START_REF] Wood | Organic petrography and scanning electron microscopy imaging of a thermal maturity series from the Montney tightgas and hydrocarbon liquids fairway[END_REF] noted the absence of primary macerals from their samples, which varied in maturity (Ro% 0.93 to 2.08), and [START_REF] Sanei | Characterization of organic matter fractions in an unconventional tight gas siltstone reservoir[END_REF] indicated that fewer than 10% of samples examined still have some generation potential. On the other hand, Romero-Sarmiento et al. ( 2016) established the presence of vitrinite and liptinite in immature Montney samples, and there are several reports of good to very good generation potential for samples with immature and early mature organic matter from the Montney [START_REF] Ibrahimbas | Hydrocarbon source rock potential as determined by RockEval 6/TOC pyrolysis[END_REF][START_REF] Ejezie | Triassic oil families and possible source rocks, Peace River Embayment area[END_REF][START_REF] Chalmers | Geological evaluation of Halfway-Doig-Montney hybrid gas shale-tight gas reservoir, northeastern British Columbia[END_REF][START_REF] Feng | Oil and source correlations of Triassic Montney Formation in WCSB: implication to shale gas resource potential in: GeoConvention[END_REF][START_REF] Chatellier | Geochemically focused integrated approach to reveal reservoir characteristics linked to better Montney productivity potential[END_REF] that indicate the presence of non-spent organic matter.

We did not identify any depositional macerals in our samples, and all the organic matter is considered secondary in origin (i.e., migrated hydrocarbons). The massive cementation documented in our study require that large volumes of water-bearing solutes flow through the siltstone, and it is difficult to envision that marine organic matter will be preserved under such conditions. It is possible that primary organic matter was preserved in very fine-grained intervals,

where flow was restricted.

Late shallow burial diagenesis (eastern subcrop)

Late diagenesis in the eastern section of the Montney Formation, particularly near the subcrop edge (wells 15 and 16, Fig. 1), is characterized by meteoric water influence at shallow depth. The effect of meteoric water is evident by the precipitation of kaolinite (Fig. 9e) and massive overgrowths of quartz (Fig. 7e) and K-feldspar, together with extensive dissolution of dolomite (Fig. 10d). We lack quantitative data to assess the degree of cement development for the shallow Montney wells (wells 15 and 16), but QEMSCAN data show an increase in kaolinite for wells 11 and 15, demonstrating the effect of meteoric water on the erosional edge of the subcrop. Similar observations were reported for the subcrop edge of the Brent Formation of the North Sea [START_REF] Osborne | Variation in kaolinite morphology with growth temperature in isotopically mixed pore-fluids, Brent Group, UK North Sea[END_REF].

Composition and grain size dependency of lithofacies

The diagenetic pathway of a rock may be linked to its depositional environment through variation in grain size and detrital composition. Grain size and composition dictate both the initial porosity and permeability of a rock [START_REF] Morad | The impact of diagenesis on the heterogeneity of sandstone reservoirs: a review of the role of depositional facies and sequence stratigraphy[END_REF] and its compaction rate, thus controlling available pore space for cementation and fluid-flow, while mineralogy and grain size influence chemical reactivity during diagenesis. Here we examine the relationships between lithofacies in the Montney Formation, grain size and detrital mineralogical composition. In addition, we consider the effects of diagenetic processes on the overall mineralogical composition of the lithofacies.

Bulk rock compositions and calculated average detrital compositions for seven lithofacies from three cores are presented in figure 6b. Detrital compositions were calculated by subtracting the percentage of cement (obtained from point count analysis) from the total content of each phase (obtained from QEMSCAN analysis). For example, lithofacies F in well two has an average of 39.2 wt% of quartz. Point count analyses (Table 4) demonstrated that 28.8% of the quartz in this facies is authigenic, while 71.2% of the quartz is detrital. The detrital quartz content for lithofacies F in well 2 is therefore 27.9 wt%. Figure 6b demonstrates that carbonate minerals exhibit the largest differences between present-day mineralogical composition and calculated detrital composition.

In terms of present-day mineralogy (Fig. 6b), lithofacies are compositionally indistinct from one another with the exception of the easternmost well (well 15). We propose that the present homogeneity is explained by little variability in the composition of deposited detrital material and the large volume of cements that precipitated during shallow burial diagenesis. These cements, which account for more than 30% of present-day rock volume (Table 4), overprinted small compositional differences in detrital grain composition between the different lithofacies in the rock.

Implications of diagenesis for reservoir quality

It is important to consider how diagenetic processes influence porosity and relative permeability, key parameters that describe reservoir quality. Locally (primarily in areas near the erosional edge of the formation), dissolution can be an important porosity-generating mechanism, but dissolution is generally a minor phenomenon in the Montney Formation and will not be discussed further.

Cementation and compaction acted together to reduced porosity and permeability in the Montney Formation, as discussed in section 5.2. [START_REF] Ghanizadeh | Petrophysical and geomechanical characteristics of Canadian tight oil and liquid-rich gas reservoirs : I. Pore network and permeability characterization[END_REF] and [START_REF] Sanei | Simple petrographic grain size analysis of siltstone reservoir rocks: an example from the Montney tight gas reservoir (Western Canada)[END_REF] qualitatively associated volumes of carbonate cement with grain size. The authors suggested that coarser sediments retained higher porosity and permeability during earlier burial and allowed higher fluid flow and larger fluxes of cementing components. Both [START_REF] Ghanizadeh | Petrophysical and geomechanical characteristics of Canadian tight oil and liquid-rich gas reservoirs : I. Pore network and permeability characterization[END_REF] and [START_REF] Sanei | Simple petrographic grain size analysis of siltstone reservoir rocks: an example from the Montney tight gas reservoir (Western Canada)[END_REF] referred to present day apparent grain size, which includes detrital grains and cement overgrowths rather than the detrital grains present at the time of dolomite cement precipitation.

We examined relationships between detrital quartz grain size (calculated using the equation presented in Appendix 3) and cement volumes in three wells in the study area. To calculate cements volumes, we assumed that average cements volumes identified in point count analysis are representative for the formation. Cement volumes were calculated from QEMSCAN analyses for each lithofacies in each well and the relative percentage of each cement, obtained from pointcount analyses. For example, point count analyses results show that dolomite cement is 53% of the total dolomite for lithofacies G/H in well 2 (Table 4). Therefore, 53% of the dolomite identified in QEMSCAN analysis for all samples of lithofacies G/H in well 2 was estimated to be authigenic.

Results of these calculations are presented in figure 16 Our observations are consistent with findings of [START_REF] Chalmers | Geological evaluation of Halfway-Doig-Montney hybrid gas shale-tight gas reservoir, northeastern British Columbia[END_REF] that calcite cement is responsible for much of the porosity destruction in the Montney Formation [START_REF] Vaisblat | Controls on Reservoir Quality in the Lower Triassic Montney Formation[END_REF]. In addition, we recognize that organic matter emplacement dramatically reduced porosity in the Montney Formation and agree with the conclusion of [START_REF] Wood | Solid bitumen as a determinant of reservoir quality in an unconventional tight gas siltstone play[END_REF] that there is no statistically significant correlation between porosity and TOC on a regional scale.

Are siltstones unique?

A comparison of compaction curves for sandstones, siltstones and mudstones (Fig. 15)

demonstrates that the compaction rate of clastic sediments in the upper 1.5 Km diminishes with increasing grain size. At depth > 1Km, a siltstone retains higher porosity and permeability than the finer grained mudstone.

The influences of grain size on chemical diagenesis are complex. Finer grained rocks provide larger surface area of detrital minerals per unit volume, increasing the amount of nucleation sites for quartz, feldspar and dolomite cementation and resulting in larger cement volumes [START_REF] Ben Baccar | Diagenetic albitization of K-feldspar and plagioclase in sandstone reservoirs: thermodynamic and kinetic modeling[END_REF][START_REF] Walderhaug | Temperatures of quartz cementation in Jurassic sandstones from the Norwegian continental shelf; evidence from fluid inclusions[END_REF][START_REF] Walderhaug | Kinetic modeling of quartz cementation and porosity loss in deeply buried sandstone reservoirs[END_REF][START_REF] Lander | Predicting porosity through simulating sandstone compaction and quartz cementation[END_REF]. On the other hand, experiments demonstrated that quartz cement crystallization rates decrease considerably when euhedral faces develop, which happens faster when the cores of detrital grains are small [START_REF] Lander | Toward more accurate quartz cement models: the importance of euhedral versus noneuhedral growth rates[END_REF]. Our observations suggest that the large surface area available for cementation in the Montney siltstone, combined with slower initial compaction rate (compared to clay-rich mudstones) and a prolonged shallow burial allowed for enough time for quartz cement growth in spite of the slow cementation rate. The prolonged shallow burial also allowed for sufficient flux of fluids transporting solute that precipitated feldspar and carbonate cements. Thus, in certain burial history scenarios, siltstones may be more prone to early massive cementation than sandstones and mudstones.

The Montney Formation siltstone contains equal or lower amounts of clay and carbonate minerals and more quartz and feldspar than other well-described fine-grained sediments (Fig. 17),

(with the exception of the Barnett and Woodford mudstones, where much of the silica is of biogenic origin [START_REF] Milliken | Cherty" stringers in the Barnett Shale are agglutinated foraminifera[END_REF][START_REF] Dong | The effect of thermal maturity on porosity development in the Upper Devonian-Lower Mississippian Woodford Shale, Permian Basin, US: Insights into the role of silica nanospheres and microcrystalline quartz on porosity preservation[END_REF]. It is important to note that almost all studies of mudstone diagenesis do not report grain size distribution, making the comparison between the Montney siltstone and other mudrocks difficult. However, it is possible to compare the abundance of hard grains (quartz and feldspar) and soft, malleable components (clays and organic matter) between the two mudstones types. This comparison shows that the Montney siltstone contains less clays and more hard grains than most mudrocks (Fig. 17).

Our study of the Montney Formation illustrates that a fundamental difference between mudrocks and siltstones is the nature of the rock framework. Mudrocks are matrix-supported, in which silt grains 'float' in an organic matter-and clay-rich matrix. In contrast, the Montney siltstone has a hard grain, cement-supported framework. This difference affects compaction and thus fluid flow during early burial. The resulting diagenesis leads in turn to different reservoir and geomechanical properties.

Conclusions

Our results demonstrate both significant similarities and important differences between the diagenetic evolution of the Montney Formation, predominantly a siltstone, and that of sandstones and shales. Like shale formations, the Montney underwent substantial modification at relatively shallow burial depth, but unlike shales, this modification was largely the result of massive import of diagenetic components. Like sandstones, cementation of an open grain framework was significant, but unlike most sandstones, the components were derived from external rather than internal sources.

We demonstrate that most of the diagenetic processes affecting the Montney Formation occurred during shallow burial (less than 1100 m). Precipitation of massive amounts of cements at shallow burial depth including quartz, calcite and dolomite, overprinted minor depositional variability in composition between the different lithofacies in the rock. The massive amounts of shallow burial cement were related to brine reflux from updip (now eroded) parts of the Montney depositional system. This hydrologic drive, combined with an open pore system, allowed for largescale transport of chemical components into the formation.

In the Montney Formation, and possibly in other siltstones, deep burial diagenesis plays only a minor role in the compositional evolution of the rock and appears to be limited to precipitation of fibrous illite and, possibly, to pressure solution and the precipitation of a late, secondary quartz cement phase. The limited variability of grain size and the relatively homogeneous detrital composition largely constrained diagenetic pathways, although we attribute the massive cementation to reflux of saline brines from updip lagoons, a consequence of deposition setting.

Finally, we demonstrated that the framework of silt-rich mudrocks (siltstones) differs fundamentally from that of clay-rich mudrocks (shales). Clay-rich mudrocks are fine-matrixsupported whereas the Montney siltstone has a hard-grain and cement-supported framework that was resistant to compaction, leading to different diagenetic pathways between the two rock types, and thus different porosity and permeability and different geomechanical properties. indicates cementation occurred at 1000 m depth (Sample 5V, well 4). Samples with IGV > 60% (initial porosity) could not be placed on the compaction graph. Such high IGV value suggests that a portion of the detrital grains was dissolved or that the initial porosity is larger than 60%. 
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  and low dolomite formation temperatures (<60 o C) identified from fluid inclusion analyses (Davies et al., 1997) further support our interpretation of cements precipitation at shallow burial depths. Large volumes of cements together with indications for shallow cements precipitation suggest the existence of an open pore network that enabled massive fluid flow through the rock. Ness (2001) and Ducros et al. (2017) demonstrated through basin modeling that the Montney experienced slow burial for 100 million years following deposition, reaching a burial depth of about 1

  (closed symbols) together with the point count analysis results (open symbols). Note that the calculated volumes of quartz cement fit reasonably well within the error of the measured data from point count analysis. No clear distinction between samples from different lithofacies groups exist in any of the graphs in Fig.16, although it is possible that the large error associated with the measured detrital grain size (not depicted in the figure) may mask these relationships. Fig.16demonstrate that no positive correlation exists between detrital quartz grain size and total cement volume (Fig.16 c) or calcite cement volume (Fig.16 d) in our samples. In fact, most samples from group one, which are the coarser samples, have little to no calcite cement.
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	, Fig. 5). Group one lithofacies (lithofacies A, B, C, E, M/N, and O) are
	somewhat coarser than other lithofacies and most samples in this group contain >10% sand size
	grains. Samples in these lithofacies are poorly to moderately sorted (0.5 < σ1 < 1.5) with a

  includes the residual primary porosity, cements, and pore-filling secondary organic matter. IGV m values obtained from point count analysis are presented in Table4.With the exception of the sample from lithofacies K, samples from group one (on average, the coarsest grained samples) have the highest IGV m values, whereas samples from groups two and three have similar IGV m values (Table4). However, it is important to bear in mind that the reported IGV m ranges may be heavily influenced by the limited number of samples associated with each lithofacies. Samples from lithofacies group 1 (lithofacies B, M/N, and O) and group 2 (lithofacies G/H) have similar IGV m values, ranging approximately between 28 and 50%. There are no systematic differences in the IGV m values between different lithofacies or samples from different wells. The sample from well 9 has the lowest IGV m value (31.1%), the samples from well 2 have the highest average IGV m value (41%), and samples from well 4 have an intermediate IGV

a modification of intergranular volume (IGV;

[START_REF] Houseknecht | Assessing the relative importance of compaction processes and cementation to reduction of porosity in sandstones[END_REF] Paxton et al., 2002, among others) 

that is more appropriate for assessing compaction of mudrocks. IGV m m value (37.5%).
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