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Abstract
Unconventional tight to shale reservoirs vary frotight sandstone/siltstone to organic-rich

mudstone/shale, commonly with mixed lithologiesslich reservoir systems, matrix pores and organic
pores with different origins and distinct physiaid chemical properties co-exist for hydrocarbon
storage. Traditional resource assessment methesligjnedd for conventional reservoirs, cannot hatidie
two pore systems properly. This study proposesadirosity model to respond to the need for a new
method in assessing hydrocarbon resource poténti@lch reservoir systems. The dual-porosity model
treats the two types of pores separately and dethe resource estimates from different sourceatH,
thus better characterizing unconventional reseswwith complicated pore systems. The new methaa als
has the flexibility of assessing resource poterfoalthe entire spectrum of mixed lithologies ramyi
from a complete tight to a pure source rock (orgamth shale/mudstone) reservoir. The proposed
method is illustrated through the assessment ofrtiigace petroleum resource potential in the Upper
Ordovician Utica Shale of southern Quebec, Candtia. results of the application suggest that the
proposed approach effectively handles the two pystems in tight-shale reservoirs effectively and
provides a useful tool for estimating resource pitékin unconventional plays.
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Highlights

Tight-shale reservoir contains mixed pore systerntl different origins and distinct physical/chemnlica
properties

Conventional method of resource assessment cadaquately address the complexity of mixed storages

in tight-shale reservoir

An innovative method is proposed for handling mix&drage for improving resource evaluation in

unconventional reservoir



Pore type and quantities of resource in each pgstem provide information useful for resource

development planning

Introduction
Recent advances in horizontal drilling coupled withltistage hydraulic fracturing enable commeroiél

and gas production from unconventional reservdihsconventional tight to shale reservoirs are low
porosity-permeability, fine-grained rocks with liflogical characteristics ranging from typical tight
sandstone/siltstone to organic rich laminae in nordgshale (CSUG, 2010; Passey, et al. 2010; Jarvie
2012a; Bohacs et al. 2013). The spatial heterogenéireservoir can be seen from altering lithobsyi
mineral composition and content, rock mechanicstaxulire of the reservoir rocks at various scages. (

Hill et al. 2007; Passey et. al. 2010; Aplin andcfiaaker, 2011; Bohacs et al., 2013; Lei et al.,5201
The importance of these heterogeneities are irgtichy drastic changes in production rates acrgbs ti
and shale reservoirs (Maugeri, 2015; Chen and Hanni 2016). Organic rich shales have been
traditionally regarded as the source rock in a eatienal petroleum system (Tissot and Welte, 1984),
and some of them are now considered as a selfedamd self-contained, economically viable reservoi
through long range horizontal drilling coupled wittulti-stage hydraulic fracturing. The unconvensébn
tight-shale resource play is usually a closed pmira system with the crude oil and natural gas
originating from the organic-rich shale directlydantact with the tight reservoir and being stdretoth
organic and inorganic matrix pores (including nakuractures) (Loucks, et al. 2009; Jarvie, 2012b;
Modica and Lapierre, 2012).

Depending on the predominant lithology, mineral@nd thermal maturity, the matrix porosity may
provide the principal storage for expelled petraleuwhereas additional petroleum remains within
organic pores in the source rock&. mixed storage system has important implicatioois resource
evaluation. The two pore systems have differenginsi and show distinct physical and chemical
properties, which imposes challenges to the chewiaaetion of reservoir properties using traditional
methods. The matrix porosity is a function of metbal and chemical compaction, where burial and
basinal fluid histories are major controlling fastoln contrast, organic porosity is closely asstea with
hydrocarbon generation in the organic matter. Thbundance and characteristics are controlled by
guantity, type and thermal maturity of the orgamiatter, and can be further complicated by presienvat
conditions. The current publicly available methadsissessing unconventional petroleum resources are
either designed for matrix porosity of conventioredervoir without discriminating matrix porositym



organic porosity (e.g., Ambrose et al., 2012) arsider organic porosity only (e.g., Modica and leags,
2012). Recent studies of unconventional tight-shedervoirs have generated new thoughts on theé po
size distribution, pore structure and fluid therthmamics (e.g., Loucks et al, 2009; Passey et(dl02
Chalmers et al. 2012; Akkutlu and Fathi, 2012; Bshet al., 2013; Williams, 2013). These ideas form
the basis for the development of a new resourckiatan scheme to handle challenges that are @idrin

to unconventional reservoirs and could significaaffect the resource potential estimate.

The objective of this paper is to discuss a duabgity model to address the need for a new mettiod o
assessing petroleum resources in unconventionaivass. In this article, we describe the dual paxo
model and its application to tight-shale resourdegpwith reservoirs that contain mixed porous raedi
hydrocarbon storage with contrasting physical armbndcal properties. Conceptual models for
characterising storage in tight-shale reservoil$ vé discussed first and the methodology desanipti
follows. The application is exemplified through tfiest evaluation of in-place hydrocarbon resource

potential of the Upper Ordovician Utica Shale af #t. Lawrence Platform in southern Quebec, Canada.

Conceptual model for evaluating unconventional resources

General overview
Loucks et al. (2012) presented a pore classifindtmsed on pore characteristics and origin wheBéss

and OBrien (2011) discussed typical pore types in shakrent studies (e.g., Loucks and Reeds; 2014;
Milliken and Curtis, 2016) revealed the differentetween organic pores in depositional organic enatt
(detrital) and migrated organic matter (authigeniepre classification in material science based on

physical adsorption and capillary condensatiorisis available (Chalmers et al., 2012).

For convenience of discussion in this study, werréd matrix porosity as all non-organic porosities
the rock mineral matrix, such as inter- and intsatiple porosities (Loucks et al., 2012). The funet
porosity is also included in the matrix porosityrg@nic pores may exist in different types of organi
matter (Loucks et al., 2009; Bernard et al., 2B&nard and Horsfield, 2014; Loucks and Reeds, 2014
Reeds et al., 2014; Milliken and Curtis, 2016). Tise of organic porosity in this study is restricte the
porosity that occurs within the original organicttea (depositional-organic-matter according to Lkaic
and Reeds; 2014) as a result of hydrocarbon géoer&track formed by kerogen shrinkage due to loss
of mass during hydrocarbon generation is also @liais organic porosity. Secondary organic pores,
occurring within solid pyro-bitumen hosted in matpores or fractures, which is formed by thermal
3



cracking of migrated hydrocarbon liquid phases, sdowt create additional pore space. Rather,
precipitation of pyro-bitumen reduces primary matporosity, similar to mineral precipitation in
diagenesis (Wood et al., 2015).

In a tight-shale reservoir system, the matrix angaonic pore systems have remarkable differences in
physical and chemical characteristics, such asnedteettability (Passey et al., 2010; Li, 201321 et

al., 2013; Williams, 2013), pore size distributiroucks et al., 2009; Rine et al., 2011; Chalméral.e
2012), natural gas adsorption capacity (Ross g2@09; Akkutlu and Fathi, 2012; Ambrose et al.120
Bohacs et al., 2013), gas transport characteriatickfluid thermodynamics (Akkutlu and Fathi, 2012)
The size of matrix pores is predominantly in thdeprof the micrometre although nano-pores exist as
crystal defects and intercrystal spaces in clayemis (Milliken and Curtis, 2016); as a generakrul
primary pore diameter and volume decrease witheaming burial depth (Figure 1). The matrix pore is
saturated with water when sediments are depositédilely remains water wet (e.g., Wang et al., 301
Conventional evaluation methods for clastic resierace applicable to estimating matrix pore system

parameters such as porosity and water saturation.

In contrast, the organic pores are in the orderaoiometre size, and the pore diameter and ovextaiine
increase with maturation (burial depth) within thedrocarbon generation windows (Figure 1). The
abundance and type of organic matter are alseariglements to consider for that trend (Chalmess. g
2009; Lu et al., 2015). Most interconnected orggmites are formed from the decomposition of kerogen
during hydrocarbon generation. The organic matdikely oil wet and no bound water exists in the
organic pore system (Passey et al., 2010; Willia204,3). In addition, because of the nano-scaldef t
pore system, fluid thermodynamics (phase behanwdiffgr from that in conventional reservoirs. A
significant portion of organic pore space is filledth a adsorbed phase (Akkutlu and Fathi, 2012;
Ambrose et al., 2012; Wang, et al., 2015; Wanglet2816). Detailed works showed that methane
sorption increases with increasing Total OrganiebGa (TOC), indicating that organic matter is the
primary control on methane sorption (Ross and Bug009; Chalmers et al., 2012; Zhang et al., 2012;
Lu et al., 2015; Yu et al., 2015). The percentagadsorbed phase in organic pores depends onzb®fi
the nano-pores, and likely relates to the abundaty® and maturity of kerogen. Differing from
conventional reservoirs, gas transport may be stutijeslip flow, transition regime, or Knudsen difon
depending on pore size, pressure and temperatikai((& and Fathi, 2012, Williams, 2013).

The matrix porosity decreases with burial deptla assult of mechanical compaction and cementation.

Mineral composition, grain size, texture of theiseghtary rock, compaction and diagenetic histoaies
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primary factors affecting matrix porosity (Ramm919 Dutton and Loucks, 2010; Hammer et al., 2010;
Bjarlykke and Jahren, 2012; Pommer and Milliken120Milliken and Curtis, 2016). Development of
matrix porosity shows a remarkable change at ahdeqmund 2500 metres, above which the decrease in
rate in porosity is rapid and the primary contsohiechanical compaction. Below that depth the fitgros
loss becomes slower and diagenetic processes (tatioeh plays a more important role. A tight
reservoir usually has a negative correlation betw@mosity and TOC (e.g., Montney on Figure 2a)sTh

is because matrix pore dominates in tight reseiait higher TOC values in a tight reservoir sugtfest
presence of higher fine-grained sediments contettwill result in intervals with more compactionda

reduction of both overall pore size and total parkeime.

In contrast, organic porosity increases with thérmaturity within hydrocarbon generation windows.
The abundance and size of organic pores are aidanzt thermal maturity and TOC richness (Chalmers
et al., 2009; Ross and Bustin, 2009; Jarvie, 2Gir#h b; Bernard et al., 2013; Curtis, 2013; Lu et al
2015; Pommer and Milliken, 2015; Chen and Jiand,620Due to distinct kerogen kinetics, thermal
decomposition of one type of kerogen may diffemfréhe others, resulting in variations in organic
porosity, pore size distribution and charactersstit a given thermal maturation level (Loucks et al
2009; Bernard et al., 2012; Bernard and Horsfi2@il4; Reeds et al., 2014; Lu et al., 2015; Chen and
Jiang, 2016. Most organic pores form from thermahversion of kerogen to hydrocarbons and no
significant organic porosity is generated befoee dhset of oil generation. Organic porosity apphheaca
maximum when all convertible carbon has been cdesieio hydrocarbons. Thermal cracking of oil to
gas in source rock reservoir may reverse the isgrgatrend of organic porosity as a result of pyro-
bitumen precipitation. In general, self-sourceceresirs exhibit positive relationships between T&i
organic porosity (Figure 2a) and a negative cotiiabetween TOC and water saturation (Figure 2b).
This is because TOC-rich source rocks have grdstgrocarbon generation potentials and can create

more organic pores that are saturated with hydboresr rather than water due to their hydrophobicity.

Dual Porosity Model
The herein proposed method is a reservoir volumafsproach with a dual-porosity model that quaesifi

the reservoir storage for oil and gas. The metlsodeisigned for resource assessment in a tight-shale
resource play, in which both the matrix porositg @mganic porosity provide effective storage. Fg8r
illustrates the different components that have beeorporated to derive the volumetric equatiorstifie

calculation of oil and gas volumes.



The dual-porosity model takes into account thréfemint storage mechanisms (Figure 3) in a tigltesh
reservoir system: a) matrix pores (including ndténacture) with free hydrocarbon, and free andrzbu
water; b) organic pores with free hydrocarbons; endrganic pores with adsorbed hydrocarbons. The
free hydrocarbon volume in the two different poystems can be estimated from geochemical data and
geophysical well logs. Additional laboratory teate necessary to determine the adsorbed hydrocarbon
Figure 4 is a workflow chart showing the processied steps for the estimation of hydrocarbon pore-
volumes under the dual-porosity model. There ame parallel processes for the porosity calculation,
hydrocarbon saturated matrix porosity using wef] ttata and organic porosity estimations based on
kerogen kinetics and mass balance. Because awagdablchemical data from core or cuttings samples fo
calculation of organic porosity are often limiteg §patial coverage and vertical resolution, itiffiallt

to directly integrate the geochemical data withlvied based matrix porosity calculation. In thisidst

well log data are used to estimate TOC contentgusivailable methods such as the Passey method
(Passey et al. 1990) or the revised Passey me@iweh(et al., 2013, Wang et al., 2016), and Roc-Ev
analytic results on core samples are used to eéditthe TOC calculations.

Organic porosity calculation
Various methods have been proposed for estimatiganic porosity based on Rock-Eval or other types

of data (e.g., Jarvie et al., 2007; Loucks et2lQ9; Modica and Lapierre, 2012; Kuchinskiy, 2068hn

et al.,, 2013; Romero-Sarmiento et al.,, 2013; Chee diang, 2016). The proposed organic porosity
calculation is based on that by Chen and Jiang&R@thich is a revised version of Modica and Lager
(2012) with the improvement on reducing the impafchydrocarbon expulsion on the initial/original
TOC estimate. The evaluation of organic porositiides the following steps: 1) generation of a gero
decomposition model (which includes the developnoérat thermal maturation model and an estimation
of hydrocarbon transformation ratio); 2) estimatadrinitial total organic carbon content (iTOC);chB)
calculation of organic porosity. The derivation application examples are provided in Chen andglian
(2016).

The organic porosit@,,, is estimated from the following equation:

_ 0.833Ctoc\1 Pb
Q)org - V[CtoocafTR (1 - Tot)] P_k (1)

where Cy, is the measured total organic carbon content @kt fraction),a (¢ =H{/1200) is the
percentage of petroleum convertible carbon in T@Cupction of kerogen type);f is an expulsion

efficiency (fraction)Ty is transformation ratio that is a function of kgea type and thermal maturity;
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ppand p; are the rock bulk density and the density of teeogen respectively; andrepresents the

carbon equivalent mass of kerogen in hydrocarbonersion ¢=1.200).

The evolution of organic porosity is a theme lesdl wnderstood and much improvement can be made in
methodologies for estimating organic porosity. p EL), the effect of thermal cracking of oil tosgand
precipitation of pyro-bitumen as suggested by Baid®95) and Tian et al. (2008) in conventional
reservoirs and by Wood et al. (2015) for tight resies was not considered for two reasons. Fingtop
bitumen precipitation in source rock is differerdarh that in reservoirOil cracking to gas takes place in
high maturity when a large amount of oil has alyebden expelled from the source rock. Depending up
on the expulsion efficiency (can be up to 85%),oken type and mineralogy, the subsequent
precipitation of pyro-bitumen within source rockdisevaries, but should be small. For a moderate
expulsion efficiency of 70%, a mass balance calmrandicates a maximum of 15% reduction of the
peak organic porosity through pyro-bitumen preeipin. Those hydrocarbons that remain in source
rock, but reside in matrix pores outside of kerogetwork, can further reduce the amount of carbon
precipitation in organic pores. If additional hydem from water and minerals in the source rockesyst

is available for hydrocarbon generation, the amoointpyro-bitumen can be significantly reduced
(Seewald, 2003). Secondly, identification of thégims of various bitumen and organic pores can be
difficult with the present available methods (Bethand Horsfield, 2014; Loucks and Reeds, 2014).
Thus comprehensive studies are needed to quahtfydlationship between thermal oil cracking and
pyro-bitumen precipitation in source rock reserwaith different kerogens that have distinct composi
and molecular structures and kinetics, prior toeflgyment of a quantitative method for organic pibyos

reduction as a function of pry-bitumen precipitatio

Modeling of organic matter connectivity in souroek suggests that when kerogen is in excess of4, wt

it may form a 3D network, which could be subjectctimpaction (Kuo et al., 1995). It has also been
reported that mineralogy of the source rocks may ph important role in organic porosity presenpsati
(Fishman et al., 2012). Shales with high quartz eartbonate contents appear to be more resistahéeto
collapse of organic pores from burial compactioomadi as to hydrocarbon generation and expulsion
compared with shales with high content of clay maheln fact, mechanical compaction dominates in
burial depth less than 2500 m (Figure 1) in modbasfins, where massive hydrocarbon generatiors start
at greater depth in general. At depths greater @00 m, chemical compaction (diagenesis) will
dominate. This can be seen, for example, from tr@escompaction curve in Figure 1, which was

constructed based on sonic transient times of tegobian Duvernay Shale from more than 200
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exploration wells across the Western Canada SedameBasin. For a 3D kerogen network consisting of
various organic pores and fractures, we argueittigbnly when the diameter of the organic por¢ha
source rock is greater than the size of supportitigeral grain, the mechanic compaction could
significantly affect the organic pores. Howevendis show that organic pores are usually smdikm t
100 nm (e.g., Loucks et al., 2009; Romero-Sarmiehtd., 2014; Chen and Jiang, 2016), smaller than
average size of a typical clay mineral. Overpresdtwm oil cracking to gas may provide additional

support for the organic pores.

Adsorbed Gas Calculation
Langmuir (monolayer) gas absorption in organic sbhles can be described by the following Langmuir

equations (Yu et al., 2015; Zhang, 2012):

PTES
Ve =Vt @
or
KPyes
Vp = VL Tpres (3)

whereV_ is the Langmuir volume (maximum capacity of adsiorp, Vi is a specific adsorption capacity
at reservoir pressuf®s (kPa),P_ is the Langmuir pressure (kPa), at which one dfalfie Langmuir
volume §/,/2) can be adsorbed; ardis the Langmuir constant (1/kPa) defined as

A 0
K= exp(% + %) 4)

where q = Ea—Ed is the isosteric heat of adsorpindAs’ is the standard entropy of adsorption (Zhang,
2012). By combining Egs. (2), (3) and (4), one chtain:

A 0
In(1/P) = 2= +=- (5)
Eq. (5) demonstrates the dependencly .abn temperature with a positive correlation betweand

temperature.

Laboratory experiments indicate that the Langmolume can be affected by many factors, such as clay
mineral, temperature, pressure, thermal maturitgtemimoisture content and kerogen types (e.g.,
Hildenbrand et al., 2006; Zhang et al., 2012; ltiale 2013; Rexer, et al., 2013; Yu, et al., 2018)ile
attempt has been made to quantify the relativerittions from those factors using a multivariate
regression (Hildenbrand et al., 2006), laboratatadften show that a simple correlation betwee@ TO
andV_ explains most of the variance in the data (e.gssRand Bustin, 2009; Jarvie, 2012b; Zhang, 2012;
Yu et al., 2015; Gao et al., 2016), suggesting thganic richness is the primary control in shads g
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reservoir. Other variables such as temperaturesspre and thermal maturity are all systematically
correlated and can be compensated by each otliediested by theoretical (e.g., Eq. 5), or experitak
relationships. For example, if we find the corresiing depths on each of thg curves with different
vitrinite reflectance values and mark all the depth the plot of sorption capacity and depth bfedént
maturities (Fig 10 of Hildenbrand et al., 2006)easill find that all the marked points follow alntcs
straight vertical line. This is because the gaisdrption capacity due to increased pressure arndritya

is a trade-off with increased temperature with &udepth. Studies indicate that water/moisture can
substantially reduce the adsorption capacity ofeshg pre-occupying the pore-surface (Joubert et al
1975; Bustin and Clarkson, 1998; Zhang, et al.,22Q1u et al., 2013). Sediments are water-saturated
when deposited and water forms an irreducible fimthe surface of matrix grains (including clay
minerals) when hydrocarbon fluids migrate throutiuis reducing the adsorption capacity by restictin
the access to active sites on the surface.

The adsorbed gas forming a monolayer on internécel area of shale by surface force can be egtimat
from the following equation (e.g., Ambrose et 2012):

P
Gas =V AV, 22— ®
pl koVL PL +P

resv
whereV,q. is the rock volume (A, py, is bulk rock density (ton/fy Py reservoir pressure (kPay;:
Langmuir volume (scf/ton), which can be approxindatg a function of TOC content and is derived from

the following relationship in this study:
V=B Croc +C (7)

where £ is an unknown scale parameter, &\ds a constant that relates to other contributifumsthe
adsorbed methane in the reservoir. Both paramesersbe determined from laboratory tests on rock
examples, and Yu et al. (2015) provides a good el@uf obtaining such a relationship. It is notethgr
that the sorption capacity is the maximum gas ¢hatbe adsorbed, but not the quantity that thee i
actually adsorbed. As shale gas reservoirs aresgatted systems, thermogenic gas is availablbeto t
shales in the gas generation window. Gasparik, €2@ll2) reported that there is no correlation leetw
sorption capacity and TOC for their black shale gasiin the Netherland. In this case, one may f&@&
and an overall average of methane sorption capdeityC in Equation (7), or seek an alternative

quantitative expression for quantifying methangson capacity.



Ambrose et al. (2012) indicated that adding thedskd gas from Eq. (6) directly could over-estintate
total gas in shale reservoir due to double courdmghis part of pore space has already been eresdid
in calculation of hydrocarbon pore volume. The esstimation (in scf/ton) can be quantified by the

following equation:

ad __ 32.0368 0.000001318M Presy
Gasgyy = 5 { \A
9 Ps P+P

resv

} (8)

whereMis natural gas apparent molecular weight (16 lbilile), ps is gas density in adsorbed-phase
(0.34 g/cm) and Bg is gas formation volume factor. For details of terivation of Eq. (8) and

application examples, readers are referred to Assret al. (2012). Yu et al. (2015) presented a
mathematical formulation for estimating adsorbed gansidering multi-layers adsorption based on the
BET isotherm. Application examples from Marcellusat suggest a slight increase in the amount of

adsorbed gas as compared to those from the Langnamiolayer isotherm model.

Hydrocarbon volumetric calculation
To capture the spatial variability of the resoupogential in the target reservoir, the study asedivided

into N equal sized cells with location index of The total hydrocarbon pore volung,., in the
reservoir can be estimated from the volumetric ggna

Voue = 11¥=1 AM)T(n) Opc(n) 9)
whereA(n) is the cell size (A), T(n) is the net reservoir thickness (M),c (n) is hydrocarbon saturated

reservoir porosity (in fraction).

The following equations are used to convert thplate oil and gas pore volumes in reservoir cooliti

to in-place oil and gas volumes in standard surfacelition.

Voir = foutVpuc/Fvr 0j1
Vgas = fgaszHC/Bg 11
Viok = VouGor (12)

wherel(gfgl is solution gaskyr is oil formation volume factoBgis gas formation volume factor a@gr

is gas to oil ratio.

Methods for conventional reservoir evaluation usivel logs are applicable to the rock matrix ponpsi
and hydrocarbon saturation calculations in uncotieral systems. However, the discrimination of
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organic porosity from effective porosity values éd®n well logs is still an area of active reseatoh
this study, we assume that the well log porositiegithe total effective porosity, including the amg
porosity as organic pores affect the density amdcseadings. More details of the reservoir paramet

estimations are discussed in Chen et al. (2016).

Application to Utica Shale, Quebec

Geological Setting
In southern Quebec, a Cambrian — Upper Ordovicginsentary rock succession is preserved in the St.

Lawrence Platform (SLP) (Figure 5). At the basehaf succession, the Middle Cambrian to lowermost
Ordovician clastics of Potsdam Group unconformatlgrlies the Precambrian basement or is in faulted
contact with the latter (Lowe and Arnott, 2016).0A8 the cratonic margin, the Lower Ordovician
carbonate platform succession represented byiotaetd shallow subtidal limestones and dolostooies
the Beekmantown Group was covered by a Middle tpdd@rdovician succession of initially slow to
ultimately rapid deepening-upward foreland successif limestone to argillaceous limestone (Chazy,
Black River and Trenton groups) to black organattniinudstone (Utica Shale) and capped by shallowing-
upward flysch and post-orogenic molasse (Lorraing @ueenston groups) (Lavoie, 2008). Based on
detailed organic matter reflectance data, a mininain3 to 4 km of post-Queenston burial occurred
(Bertrand, 1991) (Figure 6).

The Utica Shale consists of carbonate-rich mudstanel no sandy layers (Lavoie et al., 2008; Th#riau
2012a). The source of carbonate mud and its upseabiundance have been interpreted to be related to
transgressive — regressive cycles with highstanedding of mud from the platform which was
backstepping onto the Precambrian craton at thae {jLavoie, 2008). Based on recent lithological,
mineralogical and petrophysical data, Thériaultl@4) b) suggested the subdivision of the Utica eshal
into two informal (lower and upper) members. Thevdo Utica is characterized by a mineralogical
composition close to that of the underlying Tren@roup, whereas the mineralogy of the upper Utica
reflects a progressive transition with the overyirorraine Group.

The Upper Ordovician Utica Shale has been, sinee#ily days of hydrocarbon exploration in southern

Quebec, considered as an excellent hydrocarborcesack for conventional hydrocarbon systems

(Lavoie et al., 2009). The paradigm shift towartdssignificance for unconventional resource playtstl

in mid-2000 with initial drilling and testing of ¢hUtica Shale. Thériault (2012a) has proposed three
hydrocarbon fairways: a liquid rich zone, a condé@zone and a dry gas zone, for the Utica Shale in
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southern Quebec (Figures 5 and 7). These zondsmaesl on the depth (thermal alternation) of theadJti
Shale as well as on structural domains (Théri@@it2a; Lavoie et al., 2014). Shale gas exploratidhe
Utica Shale began in 2006 in southern Quebec. & 6§t28 wells have been drilled (Figure 5), of aihi
18 wells have been hydraulically fractured until@0So far, the exploration has focused primaniythee
central fairway, where 24 shale gas wells have lkdled. Based on a limited number of hydraulic
fractures, initial production values were highlyriadle; the best IP value for a horizontal well wids

mmscf/d of natural gas (Lavoie et al., 2014).

Data interpretation and models for resource assessment
Three types of data were compiled by Chen et @l142 and are used in this assessment: a) geologica

map and compiled data tables from the MinistéreRkessources Naturelles du Québec (Thériault, 2012a)
that provide information on the spatial extent bé tUtica Shale, its burial depth and thickness; b)
geophysical well logs form from the Ministére dessBources Naturelles du Québec; and ¢) geochemical
data from Rock-Eval pyrolysis and thermal matuirtglicators of source rocks compiled by Thériault
(2012a and b) and some additional measurementstfrenGeological Survey of Canada (Lavoie et al.,
2011; Haeri-Ardakani et al., 2015).

A total of forty eight exploration wells with digit gamma ray, caliper, sonic, porosity and restgtioegs
were available to this study, forming an essemiat of the dataset for volumetric calculation egaurce
potential. The geophysical well log data were useelstimate matrix and total porosities, and tcuate
water saturation. The location of wells with digipgetrophysical logs are shown in FigureAfiother
important dataset is the Rock-Eval pyrolysis resaltd vitrinite equivalent measurements of the dJtic
Shale. Analytical results from 946 samples in 79svend 23 outcrop locations are available to this
study. Most of the samples from the 79 wells attirgs. All the Rock-Eval data were generated using
Vinci Technologies’ Rock-Eval 6 instruments. Thare many geological factors that could affect the
quality of the Rock-Eval pyrolysis analysis. Whe®©Q values are less than 0.5 wt%, pyrolysate
adsorption on the mineral matrix can affect S1,888 Tmax values, an effect most significant for
argillaceous rocks (Peters, 1986). In addition, X¥waues may not be reliable when S2 values ae les
than 0.2 mg HC/g rock, although this criterion likgaries depending on the type of organic mattet a
rock matrix. For example, Obermajer et al. (20Q®gested a minimum S2 value of 0.35 mg HC/g rock
for correctly interpreting Tmax values based oradadm the Arctic Islandsin addition to data quality, a
challenge in this study is the mixture of sourcekrand non-source rock samples. The non-source rock

samples are usually from tight reservoir, such ilistane or carbonate layers interbedded with the
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organic-rich shale or from coarser intervals witthie Utica Shale. Haeri-Ardakani et al. (2015) sbdw
organic petrological examples of the types of oigamatter in different lithologies. The non-sourogk
samples contain no or little indigenous organicterand the organic matter therein consists prignafi
migrated hydrocarbon fluids and residual carbom thmain after oil has been cracked to gas in depd
burial realm. The Rock-Eval results from those dasmpsually exhibit low S2, high S1 and either
extremely low or high Tmax values. To eliminate #féect of poor data quality and non-source rock
samples on the analysis, the data were scrutimiaezfully. Screening criteria of TOC > 0.5%, 520%C
Tmax >400C and S2 > 0.35 were applied to the original datd effort was also made to eliminate
samples of possible contaminations from both dgllimud and migrated hydrocarbons (very high
production index (PI=S1/(S1+S2)), but low maturityhis resulted in the removal of a large number of
samples that were considered to be unreliable. @aberage TOC value of the remaining 223
measurements is 0.9% with highest observed valimy e2% for Upper Ordovician shales in southern
Quebec. Figure 8 presents various regional gedbgiaps showing some of the major geological
features of the Utica Shale in the study area.

Peters et al. (2006) suggested that kerogen tygfsed by hydrogen index from Rock-Eval analysis is
not systematically related to kerogen kinetic reses and that default numerical kinetic models of
hydrocarbon generation can introduce unacceptabbese Therefore, an empirical approach based on a
real dataset is taken in this study. Two empirinadels are constructed for the hydrocarbon geerati
and bulk composition prediction. A hydrocarbon sfanmation ratio model based on hydrogen index and
Tmax data is used to represent hydrocarbon geaerrathe bitumen index equivalent of Espitalié et al
(1987) along with hydrogen index derived from Rda&bkal pyrolysis data are used to determine the

relative volumes of oil and gas in the pore volume.

Due to high thermal maturity and mixing of migratea@irocarbons and in situ organic matter in diffitre
porous media of the samples, a plot of hydrogeexratjainst F.x shows relatively large scattered clouds
with predominantly high J.x values (Figure 9a). Because the majority of daiatp are from thermally
mature and over mature samples, there is littlerin&tion to evaluate the initial hydrogen indexueabf
immature source rock. Organic petrology study shdhat kerogen in the Utica Shale consists
predominantly of marine-derived organic matter aggested by the presence of chitinozoan and marine
liptinite and liptodetrinite, though significant gimn of the bulk organic matter is migrated pyiiaitnen
(Haeri-Ardakani et al., 2015). To determine theoken kinetic properties and generation potential, w

use the coeval, lower mature Collingwood MembethefUpper Ordovician Lindsay Formation (Ontario,
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eastern Canada) (Macauley and Snowdon, 1984; Oparetal., 1999; Chen et al., 2016) as an analogue
for the Utica Shale. Available thermally mature aratly mature shale core samples from exploration
wells cutting through the Collingwood Member in tleeeland basin were analyzed and the data points
are superimposed on the same plot to compare métdadta from the Utica Shale. The two datasetsgUti
and Collingwood in the Appalachian foreland basirg complementary in thermal maturation coverage,
with the Collingwood Member samples covering thergimally and moderately mature fields and the
Utica Shale samples overlap the mature and oveurmaiomains. The generation kinetics for the Utica
evaluation were studied by analyzing the thermabdw®osition behaviour as revealed by the decreasing
trend of remaining hydrocarbon generation poterftiadexed by HI) with increasing thermal maturity
(indexed by Tmax) using the data-driven method hgrCand Jiang (2015). Based on the two shale data
sets, an empirical model of the hydrogen index fametion of T,. is constructed (Chen and Jiang, 2015)
(broken black line in Figure 9a). The data cloudsiad this empirical model represent the uncendimt

the data set, likely related to possible variati@itber in organic facies, mixing of indigenous and
migrated organic matters or other factors (for e@@mSnowdon, 1995). A transformation ratio model i
then built from the Espitalié et al. (1987) methaging the established Tmax-HI model (Figure 9a).
Figure 9b presents the estimated transformatidn aata function of Tmax based on the empirical ehod

in Figure 9a showing the onset of hydrocarbon geimr at Tmax around 436 with the end of

hydrocarbon generation af,J at around 48(C.

There are a number of methods that can be usestitoate the bulk oil and gas volumes. Zhao et al.
(2007) used a maturity index derived from Archieapn and related this index to gas to oil ratiahn

et al. (2010) used basin/petroleum system toobstinate bulk composition and phase behaviorsen th
Bakken Shale. The method used in this paper folibvsdea of Justwan and Dahl (2005) and Pang,et al
(2005). A plot of Bitumen Index Equivalent (BIE=$OC*100, equivalent of bitumen index, BI, of
Espitalié, et al., 1987) against, is used to determine the onset of oil generadiaeh thermal cracking
of oil to natural gas (Figure 9c). The onset ofrii@ cracking of oil to natural gas from this model
indicated by the maximum BIE at Tmax around “G0For the Utica Shale, this is coincident with the
development of overpressures in the reservoirdai@isotopic roll-over for gas as shown by Chatekier
al. (2013). The ratio of BIE and Hydrocarbon Getieralndex (HGI=initial hydrogen index — present
hydrogen index) represents the portion of bulk@ihaining in the tight-shale reservoir system, dase
which oil and gas pore volumes in reservoir conditcan be converted into the in-place oil and gas

volumes at standard surface conditions by reseermimeering equations (Egs. 9, 10 and 11).
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Studies by Chen et al. (2014) and Haeri-Ardakanalet(2015) indicated that the Utica Shale is an
unconventional resource play with mixed porous meminsisting of matrix pores and organic pores.
Petroleum originated from the organic-rich shalsta@@ed within the stratigraphic intervals incluglithe
embedded tight limestone and silty mudstone regstvbhe matrix porosity and natural fractures julev

the principal storage medium for expelled petroleama additional petroleum remains within organic
pores in the source rock. For the convenience isfahsessment, we treat the entire Utica Shale as a
whole and assume it comprises stacked reservotts mixed porosities and forms a continuous tight-
shale resource play. Hydrocarbon shows and flomrs flecent exploration wells indicate that all eisén
geological elements for forming oil and gas accuatiohs in this resource play are present, while the
guantity of oil and gas in the Utica Shale is thbjsct for evaluation herein.

The calculation of hydrocarbon volume is basedratividual exploration wells with adequate well log
data (Figure 4). Well logs were used for calculat@f matrix porosity and water saturation. All log
models were calibrated by laboratory measuremerits po their use in the volumetric parameter
evaluation. Oil, free gas, associated gas and bedogas were assessed at each well and spatial
geostatistical models (semivariogram models) ddrfvem data were used to infer the spatial vanatb

the resources and to capture the uncertainty witatiee were extrapolated spatially. The uncertairities
spatial extrapolation and interpolation for eacponent (oil, free gas, associated gas and adsgdsd

are expressed as variance maps. Monte Carlo metlveds employed to aggregate hydrocarbon
resources of each cell in the study area to forabailistic distributions. The ranges of probaliiis

distributions of oil and gas resources represantiticertainties in the assessment.

Data analysis indicates that laboratory TOC measents have a low vertical resolution and variapilit

representation. A revised Passey model (Chen,&Gil3) was used to estimate TOC content at eagch lo
data points. Well logs were first calibrated byikade TOC measurements from Rock-Eval analysis and
used to establish the revised Passey model, fromdv#OC content was estimated at any given depth

within the Utica Shale interval at all data welt&bions.

Prior to determining the intitial TOC, the exputstiefficiency factor ) has to be assessed (Chen and
Jiang, 2016). Well log TOC evaluation method presgicdnly TOC estimates, other parameters such as
Rock Eval S1 and S2 values are not available flautation of the expulsion efficiency factor. Thimes,
hydrogen index (Figure 9a) and bitumen index edaia(Figure 9¢) models are used to estimate the
expulsion efficiency factor. Figure 9d comparestth@sformation ratio and expulsion efficiency misde
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as a function of thermal maturity index (Tmax). Témtimated initial TOC contents were then used to

estimate organic porosity following the relationshi Eqg. (1).

The total hydrocarbon saturated porosity in Eq.i¢&he sum of hydrocarbon saturated matrix poyosit
and organic porosity, and the hydrocarbon poremaelis the sum of hydrocarbon saturated pore volumes
in the identified potential pay zones within théddtShale at each well location. Figure 10a isigekr
map of the hydrocarbon pore volume of the Utical&lshowing the spatial variation of the estimated
hydrocarbon pore volume across the basin. Gedstatislata analysis suggests a better continuity of
hydrocarbon pore volume in the NE-SW direction. Bstimated hydrocarbon pore volume was then
separated into oil and gas pore volumes basedeenipirical kinetic model of the source rock in the
Utica Shale, and subsequently converted to oil gad volumes respectively at standard surface
conditions.

Assessment Results
The assessment resulted in four different in-ptaseurces: oil, free-gas, dissolved gas and add@as

Three gas components are aggregated into tota(Figsres 10b to d). In the absence of significant
production data, no attempt is made to estimatetalbnically recoverable portion of the in-place

resources.

The estimated in-place oil resource is graphicalpwn as a statistical distribution in Figure 14 an
numerically in Table 1, both presenting the ranfeimcertainty in the assessment. The estimated oil
resource potential varies from 0.69 to 3.72 billafrbarrels (Bbls) with a mean of 1.80 Bbls. Thigdy
also provides a resource density map (Figure 16hpeéntify geographical locations of possible oil
“sweet-spots” in the Utica Shale. The oil resolrcthe Utica Shale occurs primarily in the northtees
margin of the basin, where the source rock is stilthe oil or condensate generation window (Figure
10b). This indicates that the burial depth and rtfarmaturity are the major control factors for oil

resource in the Utica Shale in the St. Lawrencdd?ta.

Figure 12 displays the probability distributiontb& estimated in-place natural gas resources shaiven
relative contributions from the free, adsorbed disdolved gas. The estimated in-place resourcethéor
three different types of gas are listed in Tablg@ze free gas estimates vary from 47.44 to 163GE T
with a mean of 91.91 TCF (Figures 12a-b). The estioh adsorbed gas also shows considerable
uncertainty ranging from 24.69 to 61.23 with a meatue of 40.52 TCF (Figures 12c-d and Table 2),

about 1/4 of the total gas resource, which is a®rably lower than other basins. For example in the
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Barnett Shale, adsorbed gas is over half the g@isi(Romero-Sarmiento et al., 2013). This is bexthes
adsorbed gas is primarily controlled by the preskayt TOC content as indicated by Eq. (7) and the
average TOC is only 0.9% in the Utica Shale in @gellhe contribution from the solution gas is even
smaller and the estimates vary from 19.98 to 5TObF with a mean of 31.25 TCF (Figures 12e and f).
The best estimate of the aggregated total nataskgsource (free, dissolved and adsorbed gas#® in
Utica Shale in the St. Lawrence Platform is 164T@#F with a large uncertainty ranging from 101.50
TCF to 258.32 TCF (Figure 12g and h). Figure 13wghthe relative contributions of three gases and
their uncertainty ranges as a composite probabilistribution plot.

The spatial variation of the solution gas is simitathat of the oil in place, while the adsorbedaurce
depends on the volume of organic matter in the &ion (Eqgs. 5 and 6). The spatial variation of the
resource density of adsorbed gas is controlleddil the richness of TOC and the thickness of Utica
Shale. The resource density is highest where TQL farmation thickness are high and thick in the
southwest of the study area (Figure 10c). Figuik stibws the geographic distribution of the aggesdat
total in-place natural gas resources. It appeaas ttie largest accumulation occurs in the centndl a
southern parts of the region in the condensatedapdjas zones as indicated by the thermal maturity
(Figure 7). Similar to the hydrocarbon pore volutihe, in-place sweet spots of high resource deas#s
follow a northeast-southwest trend, which is patalh the major trend of the foreland basin anth®

orientation of present day maximum horizontal stres

To compare the well log interpretation and the jmted spatial distribution of the resources, public
domain well production test data (gas or oil) frtime industry were collected from various sources.
Twenty two oil and gas exploration wells in theipdrfrom 1970 to 2007 have been tested for oil and
gas, among which seventeen wells show significagtagnd oil flows. Since 2007, twenty-eight horizbnt
and vertical wells were drilled for the Utica Shallay, some of which were treated with hydraulic
fracture stimulations. Although limited test anddguction results have been released for the hdakon
wells (Marcil et al.,, 2012), successful gas andflulvs populate the areas or the trends with high
estimated resource abundance (high hydrocarbonvoduene) indicated by this study, and this includes
the best performing well (Talisman St. Edouard with an initial natural gas production of 11 mmcf/d
and a stabilized rate of close to 6 mmcf/d afteldd@s. The geographical coicidence of two compjetel
independent datasets suggest that the spatialtivariaf the resource abundance indicated by the
hydrocarbon pore volume in this study likely reftethe general trend of resource potential in thieaJ

Shale (Figure 10d) in the St. Lawrence Platform.
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The resource density maps and probabilistic digiohs are constructed based on the kriged mean and
variance maps of hydrocarbon pore volume, sourck kinetic properties and reservoir PVT (pressure,
gas volume and temperature relationship) modetpagh, little is known about reservoir PVT. It is
expected that there is a large uncertainty in treversion from hydrocarbon pore volume to the stahd
surface volume that may not be captured in theuresovolumetric calculations. As high thermal
maturity makes the inference of the original statfithe organic matter difficult, the initial soercock
potential constitutes another major uncertaintycaBise the majority of the Rock-Eval data from the
Utica Shale are in the high and over-mature letle, kinetic model relies partly on the analogue
immature to early mature samples from the coevdlfaoies-equivalent Upper Ordovician Collingwood
Member in nearby southeastern Ontario (Macauley 8&ndwdon, 1984; Obermajer et al., 1999;
Armstrong and Carter, 2010). The Utica and Collingds shales share a similar tectono-stratigraphic
setting being deposited on top of the founderindaaate foreland ramp, although it is possible that
subtle differences in depositional environmenthe Collingwood Member of the Appalachian basin in
southeastern Ontario from that of the Utica Shalesauthern Quebec could lead to uncertainties in
organic richness and kerogen kinetic behavior. &re@mild in turn affect the predicted abundance and
occurrence of oil and gas resources. However, dwgmphical distribution of predicted oil and gas
resources from this study appear to be consistéhttive maturity map (Figure 7), which suggestd tha
the Collingwood Member is an appropriate analoguéhte Utica Shale at least in terms of kerogen

kinetics.

The expected in-place resources of 164 TCF of ahgas and 1.8 billion barrels of oil presentedhiis
paper are slightly lower than previous in-placeovese estimates of 183 TCF of natural gas and 2.3
billion barrels of oil reported in Chen et al. (201 This is explained by the adoption of the redise
method for organic porosity estimation. The stuglyGhen et al. (2014) used the method proposed by
Modica and Lapierre (2012), which is based entirefy kerogen kinetics without considering mass
balance due to hydrocarbon expulsion. We recogrtizadignoring mass balance in the calculation may
lead to a slightly overestimated organic porositge new approach with two mass balance corrections
(Chen and Jiang, 2016) results in lower initial T@l organic porosity and thus slightly lower reseu

estimates.

Discussion
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Current available resource assessment method ipublic domain are either designed for evaluating
resource potential in conventional reservoir withdigscriminating matrix porosity from organic poitgs
(e.g., Ambrose et al.,, 2012), or consider orgarocopity only (e.g., Modica and Lapierre, 2012).
Complex tight-shale reservoir systems with hydrboas filling both matrix and organic porosity cahno
be satisfactorily evaluated with either approaatnel The new method is designed for assessing the
unconventional resource potential in tight-shalgereoir systems with lithological characteristiosa
transition between tight sandstone/siltstone t@wigrich mudstone/shale (Passey et al., 2010jaNil,
2013). In such a reservoir system, laminations lwrrmations in lithology and texture are common
features, and both the matrix porosity and orgquiosity provide effective storage (Ambrose et al.,
2012; Modica and Lapierre, 2012). The matrix pdyosiay provide the principal storage for expelled
petroleum, whereas additional petroleum remainkiwibrganic pores in the source rocks. The proposed
method is a reservoir volumetric approach with al-guorosity model that quantifies different resérvo
storages for oil and gas and is suitable for resoassessment in a tight-shale resource play.

The dual-porosity model takes into account thréfemint storage mechanisms in a tight-shale regervo
system: a) matrix pores (including natural fractyingith free hydrocarbon, and free and bound wader;
organic pores (cracks in organic matter due tolaks of mass during hydrocarbon generation are also
included) with free hydrocarbons; and c) organicepowith adsorbed hydrocarbons. The free
hydrocarbon volume in the two different pore systecan be estimated from geochemical data and
geophysical well logs separately. This new metlsditeikible and can assess hydrocarbon resourdés in
two end member reservoirs. When the reservoir imptetely tight, where organic pores becomes
irrelevant, the proposed method becomes a traditioeservoir volumetric approach and uses
petrophysical data to estimate the reservoir vottim@arameters; whereas for a pure shale reservoir
where the organic pores dominate, the proposed adethn approximate the hydrocarbon resource
potential by estimating the organic pore volumke Ithe example shown for the Mowry Shale in the
Powder River Basin of Wyoming by Modica and Lapef2012)..

The matrix and organic pore systems have majoerdiffces in physical and chemical characteristics,
such as water/oil wettability, pore size distribuati natural gas adsorption capacity, gas transport
characteristics and fluid thermodynamics (Pasdesl.,e2012; Loucks, et al. 2009; Chalmers,et2412;
Ambrose et al. 2010; Akkutlu and Fathi, 2012). kifgimg the storage type and quantifying the amount
of resources in each type of pore systems provitt#itianal information for resource development
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planning as hydrocarbons in different storages wdistinct characteristics require unique recovery

technigues or special treatments for improved prtdity and recovery.

The dual-porosity model for resource assessmeigsrein an existing method for estimating organic
porosity (Modica and Lapierre, 2012; Chen and Ji@&0d6). Characterizing organic hosted pororosity i
an emerging area that requires better understarafitiige origin and evolution of the organic matter.
Formation of organic pores in source rocks involweany factors, various intermediate products and
interactions that complicate the processes (Lou@k®)9; 2012; Bernard, et al., 2012). There are
uncertainties or questions and even disputes onrhaeh of the intermediate products, such as pyro-
bitumen, affect the pore size and initial organiegsity, and if the organic pores in a kerogen petw
can survive continued mechanical compaction atpghdeange for commercial hydrocarbon production
(Reed, et al., 2014; Bernard and Horsfield, 20lidhRan, et al., 2012). Improvement of the organic
porosity prediction requires quantification of ttleanges in the pore space within the network cérmig
matter as a function of thermal maturity, type efdgen, mineral and formation water composition and
burial depth. These remain as open questions apuitrecfuture study.

Resource assessment helps to infer the unknowrtityuand characteristics of hydrocarbons residimg i
subsurface using our knowledge and analogues eotdiom where large amount of data are available
and the hosting sedimentary rocks have been stuti@mughly. Resulting estimates are inherently
imprecise due to uncertainties in our geologicabvidedge and inadequacy in data for inferring the
resources. Attempts have been made to estimatmandge the uncertainty by using geostatistic tiools
quantifying the uncertainty where spatial extrapotawas made and by using Monte Carlo simulation i
calculation and aggregation of the resources tosareathe propagation of uncertainty. The ultimate
uncertainties of the resource estimates are remezbedy probability distributions for each resource
categories and the total potential. The resultisgidutions of the resource estimates suggeseleagge

of uncertainty. Finding the major contributors thie uncertainty and reducing uncertainty remains a
subject for future study.

Conclusions
We proposed a dual-porosity model to handle the pbtexity of mixed pore systems in assessing

hydrocarbon resource potential in unconventiorghttshale reservoir systems. The proposed method
treats the two distinct pore systems separatelyestithates their properties based on various sswte
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data, so that petroleum fluids in the two poreeayst can be better characterized and assesseddrased
our current understanding of the unconventionditithale reservoir. The new method has the flaibil

of assessing resource potentials for the entiretspa of mixed lithology reservoirs from tight (én
grained sandstone and siltstone) to source rodaftic—rich shale/mudstone). It can provide addiion
information regarding the dominant type of pore medand the amount of resource in each of the pore
systems, which are potentially useful for resouteeelopment planning aimed at improving produdfivit

and recovery.

Our work suggests that the Utica Shale of the &wrkence Platform in southern Quebec of Canada is a
tight-shale resource play with mixed reservoirse Thatrix porosity and natural fractures host migptat
hydrocarbons, while organic pores contain the ramgiin situ hydrocarbons thermally generated from
thein situ kerogen in the shale. The proposed dual porositgeihhas been applied to the Utica Shale to
illustrate the new resource evaluation method. Vidiemetric calculations indicate that the Utica I8hia
southern Quebec contains large volumes of hydrocarbsources with expected in-place resources of
164 TCF of natural gas and 1.8 billion barrels ibf This study also generated resource density n@aps
outline potential in-place sweet spots with higboterce abundance, providing additional informathoat

may be useful for various decision making. The Itesof the application suggest that the proposed
approach handles the two pore systems in a tigilesteservoir well and provides a useful tool for

estimating resource potential in an unconventipia} with mixed porosity systems.
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Figure Captions

Figure 1. Schematic diagram showing the two difiegorosity trends in a shale play (matrix porosity
and organic porosity). The two pore systems rdsuit different geological processes and show diffier
evolution histories. The matrix porosity curve &sbd on a generalized compaction model from sonic
logs from the Duvernay Formation in Western Can8ddimentary Basin, and a constant initial total
organic carbon (iTOC) of 8% is based on initial T@&imation of the same formation (Chen and Jiang,
2016)..

Figure 2. a) Matrix porosity dominated system (&lgntney) shows a negative correlation between TOC
and porosity; whereas organic porosity dominantesyge.g. Doig) shows a positive correlation (Jgrvi
2012b); b) A plot of water saturation against T@®iganic rich shale (U.S shale data from Wand, et a
2013).

Figure 3. A petrophysical model of a tight-shalayplvhere both matrix and organic porosities contgb
to the storage of oil and gas (modified from Amieret al. 2012). The percentage of the various
components forming the bulk of the rock volumedlesnatic and does not intent to represent a specifi

case.

Figure 4. A work-flow chart showing the componeatsd procedures in hydrocarbon pore volume
evaluation using geochemical and well log data unide dual-porosity model. SR: Source Rock; HC:
Hydrocarbon; TOC: Total Organic Carbon (w%).

Figure 5. A regional geological map of southern Gaewith the Cambrian-Ordovician St. Lawrence

Platform between the Precambrian Grenville basen®rihe northwest and the Cambrian-Devonian
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Appalachians to the southeast. Logan’s line mamkslimit between the platform and the Appalachians
whereas the platform is either in fault contacunconformably overlying the Grenvillian basemertie T
locations of oil and gas well drilled in southermigdec are shown as red circles and recent shale gas

wells shown as black circles. Figure modified fréhériault (2012a).

Figure 6. Stratigraphic framework of the St. LavaerPlatform of southern Quebec with interpreted

tectono-stratigraphic episodes.

Figure 7. Map showing locations of data wells afldand gas shows in Utica Shale gas in southern
Quebec. Thermal maturity level of the Utica shalénidicated by color in five different hydrocarbon
zones (modified from Séjourné et al. 2013).

Figure 8. Maps showing major geological featureshef Utica Shale in the study area. a) Utica Shale
thickness in meter; b) Burial depth in meter to tbp of Utica Shale; c) Average present-day TOC
content in weight % and d) Vitrinite reflectanceus@lent in %. White crosses indicate location afad
well. Data available at the Département of Resssumdaturelles du Quebec Oil and Gas SIGPEG

database; http://sigpeqg.mrn.gouv.qgc.ca/gpg/clagses/

Figure 9. a) Tax vs HI plot showing hydrocarbon generation potérgga function of thermal maturity
and kerogen thermal decomposition behaviour; datiude the mature Utica Shale and the less mature,
time- and facies-equivalent Collingwood Member ofithern Ontario; b) Comparison of the estimated
transformation ratio (TR) from (L with the transformation ratio model of Bordenatelke (1993) and
data; c) Plot of Bitumen Index Equivalent (definesl BIE=S1/TOC*100) against,f. The hydrogen
generation index (HGI) showing onset of oil geriergtpeak generation and thermal cracking of oil to
natural gas; d) Comparison of TR and expulsioncigfficy models constructed using the Rock-Eval
dataset.

Figure 10. Kriged resource maps of the Utica Shatbe study area showing the spatial variatiothef
estimated hydrocarbon resources across southerbeQu€anada. a) Hydrocarbon pore volume (color
bar: thickness (in meters) of hydrocarbons/unitgré) In-place oil resource density (color bar® 10
bls/section); c) Resource density map for the dmsbigas (color bar: bcf/section); d) Resource densi

map for the total natural gas (color bar: in baffes). Cross: data well location.

31



Figure 11. Statistical distributions of the estiethin-place oil resource showing the uncertaintyhef

estimate based on 6000 Monte Carlo runs. a) Hiatogmd b) Cumulative probability distribution.

Figure 12. Statistical distributions of the estiethin-place gas resource showing the uncertaintizén
resource estimates based on 6000 Monte Carlo roistogram (left) and cumulative probability
distribution (right). a) and b) Free gas; ¢) andSdjution gas; e) and f) Adsorbed gas and g) and h)
Aggregated total natural gas.

Figure 13. Probability distribution of the estinteatural gas in-place resources showing the velati
contributions from the three different types of @fiee, solution and adsorbed) in the Utica Shiatee

gas dominates the distribution.

Table Captions

Table 1 Summary table of oil and gas resource agtigras cumulative distribution in the Utica Sliale
southern Quebec, Canada. Probability distributindicate large uncertainties for the resource pikn
due to insufficient data and our understandindnefdhale play.

Table 2 Distributions of in-place resource potdrdfalifferent gas components and the aggregatadi to
in-place gas potential in Utica Shale, Quebec.
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Tablel
Probability Distribution 95% 90% 75% 50% 25% 10% 5% Mean
Qil in-place (Billion Barrels) 0.69 0.83 1.11 1.55 2.22 3.06 3.72 1.80
Aggregated gas in-place (TCF) 101.50 | 110.53 | 129.42 | 155.61 | 188.07 | 228.13 | 258.32 | 163.99

Table2
Probability Distribution 95% 90% 75% 50% 25% 10% 5% | Mean
Adsorbed gas (TCF) 24.69 27.52 32.47 39.00 46.99 55.59 61.23 40.52
Free gas (TCF) 47.44 53.66 65.61 83.67 109.50 140.51 163.34 91.91
Solution gas (TCF) 19.98 21.36 24.18 28.68 35.56 44.35 51.05 31.25
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