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ABSTRACT

Petroleum exploration in many North African intracratonic basins targets Early
Paleozoic sandstones as the primary reservoir objective. These sandstones are often
characterized by highly variable reservoir quality (0.0001-1,000 mD), and the ability to
predict and selectively target areas of enhanced porosity and permeability is crucial to unlock
the hydrocarbon potential. The objective of this study is to characterize the primary controls
on reservoir quality in an Ordovician field in the Illizi Basin of Algeria through detailed core
and petrographic analysis, and establish if variations in thermal history across the field have a
material impact on reservoir quality. The best reservoir quality is observed in facies where
primary intergranular porosity has been preserved in fine to coarse grained quartzarenites
with less than 1% fibrous illite. These lithologies are most commonly found within the high-
energy, tidally reworked, post-glacial facies sandstones of the uppermost Ordovician
succession. Observed differences in quartz cement volume within compositionally and
texturally similar samples from the southern and northern parts of the field are interpreted to
reflect variations in thermal exposure due to deeper burial. This interpretation is supported by
field-wide numerical modelling of sandstone diagenesis. This study indicates that subtle
variations in thermal history can have a material impact on the spatial trends in reservoir
permeability. Thermal history, therefore, is an important consideration in reservoir quality
studies in exhumed basins where variations in present-day burial depth will be a poor guide

for evaluating reservoir quality risk across a basin or play.
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1.0 Introduction

Early Paleozoic clastics are the main reservoir target in many North African
intracratonic basins, but they can be challenging to develop due to the risk of poor reservoir
quality. These ancient systems have had ample time for reservoir degradation through
compaction and cementation, and predicting the ‘sweet spots’ with enhanced productivity is
often key to their success. Upper Ordovician (Ashgillian) glacial to marine deposits are an
example of such a system and have been described all across the northern margin of
Gondwana from Mauritania (Ghienne and Deynoux, 1998) and Morocco (Destombes et al.,
1985; Le Heron, 2007; Le Heron et al., 2007), through Algeria (Beuf et al., 1971; Ghienne et
al., 2007a), Niger (Denis et al., 2007) and Libya (Le Heron et al., 2004; Moreau et al., 2005;
Le Heron et al., 2006; Ghienne et al., 2007b; Le Heron et al., 2010; Moreau, 2011; Ghienne
et al., 2013), and over to Jordan (Powell et al., 1994; Turner et al., 2005) and Saudi Arabia
(Vaslet, 1990). Within the Illizi Basin of Algeria (Fig. 1), Ordovician sandstones are
important reservoirs containing extensive hydrocarbon accumulations (Boote et al., 1998; Le
Heron et al., 2009) and significant fields include Tin Fouyé Tabankort (Askri et al., 1995; Le
Maux et al., 2006), Ohanet (Philippe et al., 2003), and In Amenas (Dixon et al., 2008b;
Roussé et al., 2009; Hirst, 2012).

The reservoir quality of the Upper Ordovician Unit IV sandstone (Fig. 2) is highly
variable in the Illizi Basin (e.g. Hirst et al., 2002; Hirst, 2012; Wells et al., 2015; Hirst, 2016).
The best reservoir quality found in the In Amenas area is contained in the post-glacial
shallow marine sandstones (Unit IV-3 equivalent), as well as in proximal and medial
glaciomarine fan sandstones (Unit 1V-1 equivalent) (Lang et al., 2012). Within the syn-
glacial succession (Units 1V-1 and 1V-2), the best reservoir properties have been interpreted
to correspond to coarse-grained jet-efflux deposits and laterally extensive high-density
turbidite flows with low mud content, whilst the poorest reservoir quality is found in muddy
debris flow deposits (Hirst et al., 2002). At the Tin Fouyé Tabankort field, the best reservoir
quality occurs in the post-glacial Unit 1VV-3 sandstones (Askri et al., 1995; Le Maux et al.,
2006). Previous Algerian studies determined the main controls on Ordovician reservoir
quality to be the degree of mechanical and chemical compaction, fibrous illite and quartz
cementation, grain size (Kaced, 2003; Ahnet Basin), clay coatings (Tournier et al., 2010;
Sbaa Basin), silica source, and possibly the presence of bitumen or oil to slow the rate of
quartz cementation (Haddad et al., 2005; Wells et al., 2015; Illizi Basin). However, the

4



©CO~NOOOTA~AWNPE

N

O 00 N o u »~ W

10

11
12

13
14
15

16
17
18

19

20

21

22
23
24
25
26
27
28
29
30
31

impact of spatial variation in thermal history on Ordovician reservoir quality was not directly

addressed by these previous studies.

The focus of this study is on an Upper Ordovician reservoir located in a gas-
condensate field in the southern Illizi Basin (Fig. 1). Burial history reconstructions indicate
that maximum burial most likely occurred during the early Eocene, prior to Eocene-Miocene
exhumation and northward tilting of the Illizi Basin (English et al., 2016b). Based on 1-
dimensional (1D) thermal history modelling, maximum burial depths and temperatures for
the top Ordovician are estimated at 2.95 km and 140°C in the northern part of the field and
3.37 km and 156°C in the southern part of the field, although present-day burial depths in

these areas are now similar (English et al., 2016c). The objectives of this study are to:

1) characterize the reservoir through detailed core and petrographic analysis, and
establish the primary controls on reservoir quality,

2) utilize the rock properties and thermal history reconstructions for the study area to
constrain the temporal evolution of porosity and permeability via diagenetic

modelling, and

3) establish if the observed variations in thermal history across the field have a material
impact on reservoir quality and discuss the broader implications for other exhumed

basins.

2.0 Geological Background
2.1 lllizi Basin and Study Area

The Berkine and Illizi basins are situated on the North African Platform and contain
more than 6000 m of Paleozoic—Mesozoic strata (Echikh, 1998; Dixon et al., 2010; Galeazzi
et al., 2010). The North African Platform was the site of widespread clastic-dominated
deposition on the northern margin of Gondwana throughout the Paleozoic (Beuf et al., 1971,
Stampfli and Borel, 2002; Guiraud et al., 2005; Konaté et al., 2006; Dixon et al., 2010).
During the late Carboniferous, the platform was segmented into separate basins by extensive
uplift and erosion along north-south trending arches associated with the Hercynian
(Variscan) Orogeny (Aliev et al., 1971; Beuf et al., 1971; Fabre, 1976; Boudjema, 1987; van
de Weerd and Ware, 1994; Guiraud et al., 2005). Renewed deposition during the Mesozoic

and Cenozoic occurred following the break-up of Gondwana and the opening of the Tethyan
5
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seaway to the north (Boote et al., 1998; Galeazzi et al., 2010). Sedimentation in the Berkine
and Illizi basins continued until Mid-Late Eocene “Pyrenean” inversion, which caused
growth of the Atlas range to the north and reactivation of some pre-existing fault systems
further south (Echikh, 1998). Intraplate uplift and magmatism initiated in the Hoggar Massif
during the Mid-Late Eocene (e.g. Liégeois et al., 2005; Rougier et al., 2013) leading to large-
scale exhumation of the flanking Illizi Basin to the north of the Hoggar (English et al.,
2016b).

The study area is a multi-TCF (trillion cubic feet) gas-condensate field in the southern
Illizi Basin (Fig. 1), which is characterized by a large (80 km by 50 km) low-relief four-way
dip closure containing a hydrocarbon column in excess of 100 m. The reservoir sequence
comprises Upper Ordovician glacio-marine to post-glacial marine sandstones (Fig. 2). This
sequence is capped by thick (250-300 m) lower Silurian graptolitic shales (Fig. 2), which act
as a regionally extensive seal. The shales were deposited during eustatic sea-level rise
associated with the final deglaciation (Llning et al., 2000; Legrand, 2003; Grabowski, 2005;
Le Heron and Craig, 2008; Moreau, 2011; Galeazzi et al., 2010). The basal part of these
mudstones often contains a radioactive organic-rich interval that serves as an important
Paleozoic source rock across North Africa and the Middle East (Boote et al., 1998; Liining et
al., 2000). Maturity of the Silurian source rock ranges between 0.9-1.3% R, across the field
area with an increase in maturity observed towards the south and off the flanks due to
increasing depth of maximum burial (English et al., 2016c).

The present-day reservoir temperature in the study area is ~95-100°C, but burial and
thermal history reconstructions using thermal maturity, apatite fission-track, and sonic
velocity data indicate that elevated temperatures and deeper burial occurred in the past (Fig.
3; English et al., 2016¢). Maximum burial most likely occurred during the early Eocene with
estimated maximum burial depths and temperatures for the top Ordovician ranging from ~3.0
km and 140°C in the north (Well A) to ~3.4 km and 156°C in the south (Well G) of the field
(English et al., 2016c¢). Oil generation from the overlying Silurian source rock began during
the Carboniferous period but ceased during inversion associated with the Hercynian orogeny.
Following reburial during the Mesozoic and early Cenozoic, minor oil and gas generation
occurred before final cessation of hydrocarbon generation during Cenozoic exhumation

(English et al., 2016c). The estimated magnitudes of subsequent Cenozoic exhumation are



©CO~NOOOTA~AWNPE

O 00 N o un

10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

variable across the field due to the northward tilting of the basin, and range from 1.0 km in
the north (Well A) to 1.4 km in the south (Well G).

2.2 Ordovician Stratigraphy

The Ordovician sequence has been studied extensively in outcrop along the southern
margin of the Illizi Basin in the Tassili N’Ajjer region (Bennacef et al., 1971; Beuf et al.,
1971; Hirst et al., 2002; Eschard et al., 2005; Girard et al., 2012; Deschamps et al., 2013), and
also in the subsurface (Hirst et al., 2002; Galeazzi et al., 2010; Roussé et al., 2009; Hirst,
2012; Lang et al., 2012; Hirst, 2016). The Upper Cambrian-Lower Ordovician sequence (Unit
Il in subsurface; Ajjers Formation in outcrop; Fig. 2) is characterized by amalgamated sandy
fluvial deposits resting upon eroded Pan-African basement. Subsequent shallow marine
deposition of the Unit Il records a period of transgression during the Ordovician Tremadoc
to Llanvirn (Fig. 2; Bennacef et al., 1971, Beuf et al., 1971; Eschard et al., 2005).

Eustatic sea-level fall and glacial scouring was associated with the short-lived
Ashgillian glaciation (Brenchley et al., 1994; Armstrong and Coe, 1997; Sutcliffe et al., 2000;
Moreau et al., 2005; Le Heron and Craig, 2008), when North Africa was situated near the
South Pole (e.g., Hambrey, 1985; Stampfli and Borel, 2002). The Ashgillian (or locally
termed Taconic) Unconformity provides evidence of this period of glacial incision. Deep
erosion of the underlying ‘pre-glacial’ strata by subglacial tunnel valleys or glacial valleys
led to laterally constrained deposition of the syn-glacial lower Tamadjert Formation or Unit
IV, although later deposits may blanket both the valley-fills and the interfluves (Fig. 4). The
glaciogenic deposits predominantly comprise diamictites and glaciomarine fan deposits, with
the diamictites representing deposits of the glacial maximum, and retrogradational (ice-
proximal to ice-distal) glaciomarine fan deposition occurring during glacial retreat (Lang et
al., 2012). Within the lllizi Basin, the depositional record of the Unit 1V is dominated by
glaciomarine ice-contact fans situated in front of a retreating ice sheet (Fig. 5A). Proximal
coarse-grained facies in the Illizi Basin to the south transition to fine-grained distal facies in
the Berkine Basin to north (Galeazzi et al., 2010). These glaciogenic deposits are
characterized by complex lateral and vertical facies changes as a result of multiple phases of
ice-sheet advance and retreat, glaciotectonic deformation and syn-glacial tectonic activity
(Hirst et al., 2002; Roussé et al., 2009; Lang et al., 2012).
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In the study area, the lower syn-glacial Unit IV stratigraphic sequence is subdivided
into the Unit IV-1 and Unit IV-2 (Fig. 2). The Unit IV-1 comprises sand-rich proximal high-
energy deposits and the overlying Unit IV-2 comprises distal low-energy turbidites and
intervening hemipelagic deposits. The disappearance of ice-rafted debris within the Unit IV-2
represents the termination of glaciomarine conditions. A regionally extensive post-glacial
sandstone unit known as the Dalle de M’Kratta (Galeazzi et al., 2010), or the Unit IV-3 in the
subsurface of the Illizi Basin, blankets the glacial deposits (Figs. 2 and 4). This important
post-glacial shallow marine unit typically consists of fine to coarse grained, moderately-well
sorted, cross-bedded sandstones, containing ooids and skolithos, indicating a marine
influence (Hirst et al., 2002). These sandstones contain the best reservoir quality in the study

area and are important to characterize for the development of the field.

The Unit V-3 is typically <40 m thick (Galeazzi et al., 2010), averaging 20 m
thickness at the Tin Fouyé Tabankort field (Fig. 1; Askri et al., 1995; Le Maux et al., 2006),
but is described as laterally discontinuous over 100s to 1,000s of metres both at the
Tiguentourine field (In Amenas area) and at outcrop (Hirst et al., 2002; Hirst, 2016). At
outcrop in the Gara Nessaret area of the Tassili N’ Ajjer (Fig. 4), these deposits form elongate
sand banks (Beuf et al., 1971; Fig. 5), and are interpreted to have been deposited in a tidally-
influenced shallow-marine environment (Dixon et al., 2008a; Hirst, 2016). These tidal sand
wave deposits form long (at least 4 km), N-S oriented curvi-linear ridges with heights up to 4
m, widths from 90 m to 160 m, and typical crest-to-crest distances of ~150 m (Fig. 5; Dixon
et al., 2008a). Although the coarser sandstone deposits thin from the crest of the ridges into
the intervening troughs, they are still continuous across the troughs so that the entire sand

body comprises an extensive sheet (Hirst, 2016).

Overall, the Unit 1V-3 records transgressive early post-glacial deposition that was
influenced by remnant glacial topography, which may have been subjected to post-glacial
isostatic rebound. At the Tiguentourine field, Roussé et al. (2009) observe mud-prone
deposits thickening into underfilled post-glacial depressions, while co-eval remnant palaeo-
highs are characterized by erosion and reworking, leading to shallow marine sand-prone
deposits in the more elevated areas. A similar model has been proposed for the latest
Ordovician deglaciation sequence in the Murzug Basin in Libya (Moreau, 2011). The
emergence of new topographic highs during isostatic rebound may have resulted in the

cannibalising and reworking of pre-existing syn-glacial sediments during the overall post-

8
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glacial marine transgression. A major post-glacial paleo-topographic high within the Illizi
Basin has been previously interpreted in the study area (Isarene high; English et al., 2016c). It
is possible that this paleo-high was characterized by reworking during latest Ordovician time
leading to the deposition of more extensive tidally-reworked Unit V-3 sands in this area.

3.0 Methodology
3.1 Core and Petrographic Analysis

Porosity and permeability analysis was conducted on 417 core samples from eight
different wells in the study area. The analysis was carried out using a CMS™300 (Core
Measurement System, Model 300 Stage 4.0) automated permeameter-porosimeter, which
uses helium for measurements under normal conditions, but switches to nitrogen in low
permeability samples to provide accurate measurements down to 0.00005 mD. All baseline
permeability values presented here use a confining stress of 800 psia and are Klinkenberg-
corrected to account for the difference in gas behaviour at low pressures versus high
pressures. The permeability of a rock can also be very sensitive to the magnitude of confining
stress, especially for lower permeability rocks. In order to evaluate the impact of higher
confining stress, the porosity and permeability of 69 samples were measured as the confining
stress was increased from the baseline of 800 psia up through 1900, 3300, 4500 and 6000

psia.

Laboratory capillary pressure measurements from reservoir rocks were used to
characterize the pore geometry and pore throat size distribution, and to predict vertical
hydrocarbon saturation profiles above a free water level (FWL) for a given rock type (Vavra
et al., 1992; Hartmann and Beaumont, 1999). Mercury injection capillary pressure (MICP)
tests were conducted on 29 Ordovician sandstone samples, where mercury (the non-wetting
phase) saturation in the core plug increases as the injection pressure is incrementally
increased. Pore throat size distributions were generated for each sample analyzed, and the
pore throats (ports) were classified as nanoports, microports, mesoports, macroports and

megaports according to the scheme of Hartmann and Beaumont (1999).

Seventy (70) thin-sections from sandstone core plugs selected from the core analysis
sample set were petrographically analysed. The original coring program focussed on the Unit

IV-3 and hence, all the samples are from the uppermost 50 m of the Ordovician sequence

9
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with 49, 11 and 10 samples from the Units V-3, IV-2 and V-1 respectively. Thin-sections
were set in blue resin to help identify porosity, and then stained for potassium feldspar (using
sodium cobalt nitrite) and carbonate (using Alizarin Red-S and potassium ferricyanide). Each
thin-section was visually described by the lead author and quantification of mineralogy,
paragenesis and porosity was obtained by counting 300 points with a Leica microscope. Each
thin-section was photographed (at magnifications of 5x, 10x, 20x and 50x) to take digital
measurements of grain size, grain coat coverage, and intergranular pore sizes using
IMicroVision™ image analysis software (Roduit, 2006; version 1.2.7). The major axes of all
grains were measured in each thin-section, and area-weighted to calculate the mean grain size
and Trask sorting (sqrt P75/P25). Environmental scanning electron microscope (ESEM)
imagery, x-ray diffraction (XRD) data, and limited cathdoluminescence data were used to
support petrographic analysis. Fluid inclusion data collected from seven wells yielded
homogenization temperatures, salinity and/or APl gravity measurements, and were used to
constrain the time-temperature history of quartz and barite cements (English et al., 2016a;
English et al., 2016c).

3.2 Numerical Modelling of Sandstone Diagenesis

Numerical forward models are now available to simulate the evolution of sandstone
porosity and permeability over geologic time by modelling compaction, quartz cementation,
and other diagenetic processes as a function of thermal and effective stress history (e.g.
Pittman and Larese, 1991; Walderhaug, 1994, 1996, 2000; Lander et al., 1997, 2008, 2009;
Bjerkum et al., 1998; Bonnell et al., 1998, 1999, 2000; Lander and Walderhaug, 1999; Perez
et al., 1999; Bloch et al., 2002; Helset et al., 2002; Paxton et al., 2002; Morantes, 2003;
Taylor et al., 2004, 2010, 2015; Makowitz et al., 2006, 2010; Lewis et al., 2007; Perez and
Boles, 2006; Ajdukiewicz and Lander, 2010; Lander and Bonnell, 2010; Tobin et al., 2010;
Hyodo et al., 2014; Tobin and Schwarzer, 2014; Lander and Laubach, 2015; Busch et al., in
press). In this study, diagenetic modelling of 20 samples from the high-permeability facies
was carried out using Touchstone™ software (version 7.4.2). These samples were selected on
the basis of being compositionally and texturally similar in terms of their primary
depositional characteristics, and hence, they provide a solid suite of data to model the impact

of variable thermal history on reservoir quality across the study area. Model parameters were

10
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optimized to match present-day petrographic and reservoir properties (this study) using

published burial and thermal history models for the study area wells (English et al., 2016c).

Touchstone simulates mechanical compaction through time by taking into account the
original grain-size distribution and intergranular volume (IGV), the mechanical properties of
the framework grains, the strengthening effects of the cement phases, and the effective stress
history. In selected samples with observed chemical compaction, an additional IGV loss was
applied to match the measured IGV. The onset of the chemical compaction is assumed to
occur at 80°C. Quartz cementation is modelled using an Arrhenius expression that results in
an exponential rate increase with temperature (Walderhaug, 2000; Lander et al., 2008). The
amount of quartz cement is a function of thermal exposure (i.e., temperature and time), the
nucleation surface area available for quartz cementation, and the grain size. The nucleation
surface area available for quartz cementation is governed by the sandstone composition and
texture, but can also decrease in the presence of grain coatings (Heald and Larese, 1974) or
during compaction (Lander and Walderhaug, 1999; Lander et al., 2008). Finally, net quartz
cement rates are affected by grain size because smaller grains become dominated by slow-

growing euhedral faces more rapidly compared to larger equivalents (Lander et al., 2008).

Quartz cementation is not assumed to be limited by silica supply, and the activation
energy for quartz precipitation is optimized during the modelling to achieve a good match
between the measured and calculated quartz cement abundances for each sample. The other
(non-quartz) authigenic phases are relatively minor in the high-permeability facies, and are
modelled using paragenesis rules and abundances based on the petrographic observations.
The reduction in intergranular porosity over time is modelled as a function of compaction and
cementation, and the permeability is modelled using an extension of the work by Panda and
Lake (1994, 1995). Various permeability model parameters are optimized to match core
measurements such as specific surface areas for pore-filling cements and detrital clay,
tortuosity differences between intergranular and secondary pores, and microporosity
effectiveness. Secondary porosity and microporosity, however, are relatively minor in the

high-permeability samples that were the focus of this modelling work.

The input parameters for the model were optimized using a genetic algorithm
optimization engine and a fitness function that determined the magnitude of the error between
the simulation results and four categories of measured data: (1) measured intergranular pore

volume (IGV), a proxy for the sandstone compaction state, (2) quartz cement volume, (3)

11
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core porosity, and (4) core permeability. Each category was optimized until 100% of
measured data simultaneously fell within tolerance limits of £4 vol.% for IGV, quartz cement

volume and porosity, and within an order of magnitude for permeability.

After completing the parameter optimization procedure, the next step in the modelling
process consists of describing the variations in compositional and textural characteristics for
the high-permeability dataset to obtain a more realistic depiction of the variability in reservoir
quality. This involved selecting probability distribution types to fit data from the actual
samples. We also used statistical copulas that describe any dominant co-variations among
these characteristics. Using this information, 5000 realizations were generated to describe the
compositional and textural variability of the sandstone type of interest. These realizations, in
turn, serve as input for the forward models and predicted reservoir quality distributions for
burial histories away from well control. We conducted such simulations for the reservoir
intervals at the well locations to ensure that the predicted distributions are consistent with

available data.

We next used T>Map™ software (version 3.2) to predict the reservoir quality
distribution for the sandstone type using a burial history reconstruction for the reservoir
interval over the study region. T>Map uses the same numeric engine as Touchstone but
conducts simulations on volumes or map surfaces. To derive burial histories for the reservoir
over the map region, we first created a total of six 1D burial history models (including Wells
A and G) with Genesis software (Zetaware) using preserved stratigraphy, well data and
parameters from English et al. (2016c¢). These 1D models were then integrated with available
isopach maps and a maximum burial map (English et al., 2016c) to generate a suite of burial
depth, thermal history, and effective stress maps across the study area for 15 different
geologic time-steps between time of deposition and present-day.

4.0 Core Analysis Results
4.1 Porosity and Permeability

The Ordovician sandstone reservoir quality in the study area is variable, and a
compilation of the core porosity-permeability data from the field shows two main trends (Fig.
6A; Table 1). Higher permeability and lower permeability samples are referred to herein as

Group A and Group B respectively (Fig. 6B) with a permeability cut-off of ~0.1 mD. It is
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worth noting that the core database for the field provides good coverage of the Unit V-3 and
Unit 1V-2, but the deeper Unit IV-1 is relatively undersampled because the economic focus is

typically on the Unit IV-3 in this part of the basin.

The high permeability samples (Group A) are predominantly from the post-glacial
marine, fine-coarse grained, poorly to well sorted sandstones within the Unit IV-3, but can
also occur locally within medium-grained, moderately sorted sandstones within the syn-
glacial Unit IV-1 (Fig. 6A). Based on the limited Unit 1V-1 dataset, it is possible that the
high-permeability facies in this unit has a different porosity-permeability trend to the better
reservoir quality in the Unit 1V-3 (Fig. 6A). Lower permeability Group B samples are found
in all stratigraphic units (Units 1V-1, IV-2 and I1V-3; Fig. 6A). Within the lower permeability
samples, there appears to be slightly improved permeability in the Unit IV-1 sandstones
versus the Unit 1V-2 (Fig. 6; Table 1). This improvement may reflect a vertical stratigraphic
sequence from medial fan high-density turbidites in the Unit IV-1 upwards into more distal

facies and finer-grained low-density turbidites in the Unit IV-2.

4.2 Impact of Confining Stress on Porosity

Porosity and permeability were observed to be most significantly reduced during the
initial increase in confining stress (800 to 1900 psia), with relatively less reduction thereafter
(e.g. 1900 to 3300, 4500, and 6000 psia, Fig. 7). The effect of increasing confining stress on
porosity in Group A sandstones is relatively minor, with less than 10% fractional reduction in
pore volume, even at 6,000 psia. Most of the Group B sandstones with porosity > 5% are
characterized by fractional pore volume reduction of less than 10% (from 800 to 6,000 psia).
However, Group B samples with porosity < 5% appear to be the most variable and most
stress sensitive, with fractional pore volume reduction typically ranging from 5% up to 50%
(from 800 to 6,000 psia). In general, the absolute magnitude of pore volume reduction

averages 0.7%, but this is proportionately more significant within the lower porosity samples.

4.3 Impact of Confining Stress on Permeability

Confining stress has a more significant effect on permeability compared to porosity as
the increased compression restricts the pore throats that control fluid flow, particularly in

lower permeability rocks. As with porosity, increasing confining stress in the higher
13
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permeability Group A sandstones results in relatively minor (less than 10%) fractional
reduction in permeability between 800 and 6,000 psia confining stress (Fig. 7). Stress
sensitivity of the lower permeability Group B is much more significant where samples with
permeability > 0.03 mD are characterized by a fractional reduction of permeability ranging
from 40% to 80% between 800 and 6,000 psia. In contrast, Group B samples with
permeability < 0.03 mD are characterized by a higher fractional reduction of permeability
ranging from 60% to 99% with the absolute reduction in permeability frequently being
between 1 and 2 orders of magnitude.

4.4 Capillary Pressure Data and Pore Throat Size Distributions

While there is only a partial overlap between the mercury injection capillary pressure
(MICP) and core analysis sample sets, a similar classification of Group A and Group B can
still be applied to the MICP dataset on the basis of permeability. The permeability values
cited here for the MICP samples are permeability to air measurements taken at a confining
stress of 400 psia, and a permeability cut-off of 0.5 mD was used to distinguish Group A
from Group B. It should be noted that no direct confining stress is applied during the MICP
tests, and that additional confining stresses typical of subsurface conditions are likely to result

in lower permeabilities and higher capillary pressures (Shanley et al., 2004).

The higher permeability Group A sandstones are predominantly characterized by
macroports and megaports (Fig. 8A; Table 1) with the highest permeability being associated
with the largest modal pore throat radii (Fig. 8B). In contrast, and as expected, the lower
permeability Group B sandstones are predominantly characterized by smaller microports, and
even nanoports in the case of the lowest permeability samples (Fig. 8A). Overall, there is a
strong positive correlation between modal pore throat radius and permeability (Fig. 8B) with
the outliers being associated with bimodal or broad pore throat size distributions (Fig. 8A).
Within the Group B samples, even though the Unit IV-3 and Unit IV-1 samples have
porosities less than 6%, the data illustrate that they tend to have larger modal pore throat radii
than the Unit 1VV-2 samples (Fig. 8B; Table 1). The two Unit V-2 samples with comparable
modal pore throat radii have the highest porosity (> 10%) of the Unit V-2 subset.

4.5 Implications for Vertical Saturation Profiles

14
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In the case of a primary hydrocarbon charge of a water-wet reservoir, the capillary
pressure determines the ease of which the non-wetting phase (oil or gas) can displace the
wetting phase (brine). In order to apply the MICP data to the subsurface, the laboratory
air/mercury system needs to be converted to the subsurface brine/hydrocarbon system of the
reservoir (e.g. Vavra et al., 1992). Following this conversion, and using assumed brine and
hydrocarbon densities, it is possible to construct theoretical vertical saturation profiles (above
free water level) for both oil and gas (Fig. 9). One caveat of this approach is that it assumes
hydrocarbon saturations are driven by drainage (i.e. the displacement of wetting phase brine
by non-wetting phase hydrocarbons) and that the present-day capillary characteristics of the
reservoir as measured in the laboratory are representative of those at the time of hydrocarbon
charge (Shanley et al., 2004; Shanley and Cluff, 2015), in this study, in the Carboniferous and
onwards (English et al., 2016c).

The higher permeability Group A sandstones are characterized by low capillary entry
pressures (< 15 psia; Table 1) and the height above free water level (HAFWL) saturation
curves display a sharp transition zone from the water leg into a hydrocarbon column with
water saturations less than 10% (Fig. 9B). Group A samples with permeability less than 10
mD also show a relatively abrupt transition zone, but have slightly higher irreducible water
saturations — although still less than 10% (Fig. 9B). In contrast, the lower permeability Group
B sandstones are characterized by capillary entry pressures in excess of 100 psia (Table 1),
and the capillary entry pressures tend to be highest for the lowest permeability samples (Fig.
9B). As noted above with the discussion of pore throat radii, Group B samples from the Unit
IV-3 and Unit V-1 have slightly better reservoir quality and hence lower capillary entry
pressures than their Unit V-2 equivalents (Fig. 9A).

From a petroleum engineering perspective, these HAFWL curves indicate that the
Group B sandstones will tend to be associated with greater vertical separation between the
FWL and the hydrocarbon-water contact (HCWC), and longer, more gradual transition zones
(Fig. 9). This effect will be even more pronounced for oil versus gas columns, and also for
the lower porosity and permeability samples of the Unit IV-2 (Fig. 9A). A key implication is
that petroleum traps of analogous Ordovician reservoirs will require vertical closures in
excess of 80 m and 200 m for gas and oil respectively in order to attain water saturations
below 40% within Group B quality sandstones. An additional implication is that the highly

variable capillary characteristics of the Ordovician sandstones are likely to give rise to
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complex vertical saturation profiles and variable HCWCs due to vertical and lateral variations

in reservoir quality.

5.0 Petrographic Results

In this study, 70 core plugs were analysed petrographically to evaluate the primary
controls on porosity and permeability in the Upper Ordovician reservoir (Fig. 6B). The Group
A samples have a core porosity range of 4.7-11.4% (average 7.0%) and a permeability range
of 0.1-377.9 mD, and Group B samples have a core porosity range of 1.3-11.8% (average
4.8%) and a permeability range of 0.0005-0.0496 mD. See Table 2 for further details on the

petrographic subset.

5.1 Depositional Texture and Compaction
5.1.1 Group A

The high permeability Group A samples (Fig. 6B; 25 samples) comprise fine to coarse
grained, poorly to moderately-well sorted sandstones (Figs. 10A and 10B; Table 2). In this
subset, grain-grain dissolution is common where boundaries are often straight to concave-
convex, or less commonly sutured. The intergranular pore volume (IGV) is defined as the
sum of the pore space, cement and matrix, and is primarily a function of depositional IGV,
mechanical strength, and maximum effective stress (Lander and Walderhaug, 1999). The
IGV estimates derived from petrography range between 15 and 28% (average 24%; Table 2).
The upper bound is consistent with rigid grain-rich sandstones lacking grain-to-grain
dissolution (e.g. Paxton et al., 2002), whereas the lower bound reflects increased grain to

grain dissolution and microstylolitic textures (3 samples).

5.1.2 Group B

The lower permeability Group B samples (Fig. 6B; 45 samples) are most commonly
moderate to moderately well sorted, and very fine to fine grained sandstones (Figs. 10A and
10B) and are typically finer grained than the Group A samples (Table 2; Fig. 11). IGV values
range between 16 and 42% (average 26%; Table 2) and samples with the highest 1GVs
contain higher contents of cements. Grain boundaries are often straight, concave-convex or
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severely sutured, and grain-to-grain chemical compaction is observed in many samples in the
dataset. Stylolitic textures along zones of condensed primary clay are more common (20
samples) than in Group A. Textural evidence of enhanced chemical compaction coincides
with lower IGV values in the sample set, and indicates contact dissolution is significant in

some of these samples.

5.1.3 Stratigraphic Controls on Mean Grain Size

Ordovician sandstones of the post-glacial Unit 1V-3 and syn-glacial Unit IV-1 are
typically fine to medium grained, whereas the syn-glacial Unit IV-2 sandstones are very fine
to fine grained (Fig. 11). Stratigraphic grain size variation within the syn-glacial succession
may reflect a vertical transition from a more proximal (Unit IV-1) to a more distal (Unit V-
2) depositional setting, and may also account for the slightly improved permeability-porosity
in the Unit IV-1 versus Unit IV-2 (Fig. 6A; Table 1).

Within a given stratigraphic unit, the higher permeability Group A samples are
coarser grained than the Group B sandstones (comparing Unit V-3 and Unit 1VV-1 in Figs. 11
and 12). However, medium grained Group B samples (8 samples) exhibit poorer permeability
than the equivalent grain size Group A samples due to: (a) quartz cement occluding porosity
in proximity to stylolites, (b) higher clay content (15%) not taken into account in grain size
measurement (only 1 sample), and/or (c) pore-filling fibrous illite and/or pyrite and kaolinite.
The fine to medium grained Unit IV-3 sandstones within Group B with visible intergranular
porosity (1.5-5.0%) and no feldspar (16 samples), may represent the lower permeability

transition into the Group A facies.

5.2 Detrital Mineralogy
5.2.1 Group A

The present-day detrital composition of the Group A samples is dominated by quartz
(97.2-100%) with no feldspar content and minor lithic fragments (Table 2), and hence all are
classified as quartzarenites (Fig. 13). Quartz grains are classified as monocrystalline (Qm)
(65-83%) or as polycrystalline (Qp) (0.3-7%) according to the number of domains within the
grain in cross nicols. Polycrystalline quartz content > 4% is most common in the medium to

coarse grained Group A sandstones of the Unit IV-3. A metamorphic to igneous source can
17
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be implied by monocrystalline quartz, while a low grade metamorphic source is suggested by
polycrystalline quartz grain textures (Pettijohn et al., 1987), possibly indicating provenance

from the Proterozoic basement.

Lithic fragments are present in nine samples (0.3-2%) and range from grey to
yellowish-brown, rigid to deformed, claystone clasts (7 samples) and deformed schistose
metamorphic fragments (2 samples). Preserved feldspar is rare and only present in one Group
A sample (Fig. 14A) in minor amounts (0.3%). Non-birefringent matrix clay ranges between
0.7-4.0% (18 samples), and an increase in clay generally lowers the permeability and quartz
cement volume. Heavy minerals such as apatite, tourmaline and zircon are present in trace
amounts. Rare ooids display radial fibrous extinction, and can be replaced by illite, iron

oxides or partially dissolved into secondary porosity.

5.2.2 Group B

The Group B sandstones range in composition from subarkosic to quartzarenitic with
detrital quartz contents between 90-100%, but generally > 98% (Fig. 13). Quartz is present as
monocrystalline grains (50-79%; all samples) and as polycrystalline quartz (0.3-8.7%; 42
samples). The highest polycrystalline quartz contents in this sub-group is found in the Unit
IV-3. Preserved feldspar (trace-6.3%; 15 samples) is predominantly potassium feldspar with

trace plagioclase.

Preserved feldspar content in the Unit 1V-3 of Group B is generally low (< 0.3%; 4
samples) with the exception of one outlier sample that is rich in primary clay (14.7%) and
feldspar (6.3%) (Figs. 12D, 14A). The depositional feldspar content of the sandstones was
subsequently estimated in the diagenetic models by assuming a closed chemical system and
that the aluminium (Al) content in the authigenic illite and kaolinite was derived from the
initial feldspar content. Results show feldspar and lithics were likely more abundant in the
poorer quality Group B sandstones at deposition compared to Group A sandstones (Fig. 13)

and leads to a reclassification of many Group B quartzarenites as subarkoses.

Preserved lithic fragments consist of undeformed to deformed sedimentary rock
fragments (0.3-1.3%; 29 samples) and occasional micaceous metamorphic fragments (0.3-
1.3%; 10 samples). Initial lithic content was visually estimated to be between 0.3-4.7% (39

samples). Muscovite content (0.3-2.7%; 20 samples) generally increases with initial feldspar
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content, and suggests either shared granitic or schistose provenance or the preferential
concentration of lower density grains within finer-grained deposits. Yellowish-brown non- to
low-birefringent matrix clay ranges from 0.3-14.7% (18 samples). The clay can be partially
replaced by pyrite, fibrous illite and Fe-oxides, and is sometimes concentrated along pressure

solution boundaries or stylolites.

5.3 Authigenic Mineralogy
5.3.1 Grain Coating Phases

Grain coating phases are known to preserve reservoir quality during burial due to the
blocking of nucleation sites for subsequent cement phases such as quartz (e.g. Heald and
Larese, 1974; Bloch et al., 2002). Grain coat clay coverage was measured on 100 grains of
each thin section to evaluate the impact on quartz cement nucleation. Group A samples have
an average clay coat range of 15-42%, and Group B samples have a wider average of 8-79%
(Table 2). In this sample set, non- to low-birefringent clay occurs as thin discontinuous rims
around quartz grains, and can be partially altered to cuboid pyrite (P1), rounded silver-orange
iron or titanium oxides, or early illite (I11). Clay rims were almost always discontinuous
around each grain, but were observed to coat the nucleation surfaces and ultimately stop
growth of quartz cement (Fig. 12E). Despite the presence of these coatings, quartz cement
nucleating from neighbouring ‘uncoated’ grains grew into the pore space and enclosed the
coated grain and early authigenic phases (e.g. P1, I11), indicating that grain coat coverage was

insufficient to significantly preserve reservoir quality.

5.3.2 Quartz Cement

Authigenic quartz (Q1) is the dominant pore-filling cement and forms well-developed
euhedral faces, filling pore space (Figs. 12, 15A and 15B). The higher permeability Group A
sandstones yield quartz cement volumes of 9-22% (average 14%), and the lower permeability
Group B samples yield volumes of 5-31% (average 20%; Table 2). Syntaxial quartz cement
that nucleated on clean grain surfaces is more common on monocrystalline quartz (Qm)
compared to polycrystalline quartz (Qp). The quartz cement can be observed to stop at the
boundaries of rounded adjacent grains that were subsequently dissolved, indicating

dissolution (likely feldspar and lithics) occurred after or during quartz precipitation. Rarely,
19
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there may be remnant clay rim detritus left over after grain dissolution which also may have
also inhibited the growth of quartz into the void. Quartz cement can also be seen to grow into
mouldic pores, with low volumes ranging from 0.3-1.7% (4 samples) in Group A and 0.3-
1.7% (19 samples) in Group B. An additional and less significant quartz cement (Q2) appears
to post-date the earlier quartz, and appears as a different shade under crossed nicols. Q2
volumes in Group A range from 0.3-1.0% (4 samples) and Group B volumes range between
0.3-2.7% (21 samples).

5.3.3 lllite

Discontinuous detrital clay coats found on grains are seen to be illitized in ~1% of
samples. ESEM photographs indicate a platey morphology (Fig. 15C) and this likely
corresponds to the mixed layer illite-smectite (1/S) identified by XRD. This early illite (11) is
commonly overgrown by quartz cement (Q1). A later phase of illite (12) is observed to
replace matrix clay, feldspar, claystone lithics, and rarely kaolinite, and ESEM photographs
indicate a fibrous morphology (Fig. 15D). Pore-filling illite commonly grows in mouldic pore
space and is not observed in intergranular pore space, but sometimes illite can be oil-stained
when the mouldic pores are connected to intergranular pores. In contrast, isolated mouldic
pores tend not to contain heavy hydrocarbon suggesting that the oil did not infiltrate these
poorly connected pores. Pore-filling illite (12) cement volume is low in Group A (1.0-1.7%; 3
samples). Illite cement (12) is relatively more abundant in the lower permeability Group B
samples ranging from 0.3-12% (average 2.9%; 30 samples), and tends to be most abundant
within the Group B sandstones with high mouldic porosity (Fig. 14B). Total illite volumes
are presented in Table 2.

5.3.4 Kaolinite

Two minor phases of kaolinite are observed. The first phase (K1) is relatively early
and is seen to be trapped and overgrown by quartz cement (Q1), while the second phase (K2)
occurs in small diffuse stacks and occludes mouldic pores. The source of aluminium for
kaolinite is likely from feldspar dissolution, which appears to paragenetically post-date Q1
precipitation or occur concurrently (see section 5.3.2), hence, K2 is interpreted to post-date

the Q1 cement. Within the higher permeability Group A sandstones, rare kaolinite cement
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ranges from 0.3-1.3% when present (average 0.8%; 2 samples; Table 2). Kaolinite cement is
only slightly more common in the lower permeability Group B samples ranging from 0.3-
7.3% (average 1.8%; 7 samples; Table 2), with all of these samples occurring in one well in
the southern part of the field.

5.3.5 Minor Authigenic Phases

Other relatively minor, but locally important, phases of authigenic minerals include
pyrite, Fe- and Ti-oxides, siderite, calcite, ferroan-dolomite and barite. Pyrite is generally
persistent throughout all samples, although the highest concentrations tend to be in the Unit
IV-3. Early pyrite (P1) is observed as very fine to medium crystalline cuboids replacing
detrital clay rims, floating within quartz overgrowths or as poikilotopic 1-5 mm sized
nodules. Replacive pyrite (P2), which is slightly more common than pore-filling pyrite,
replaces primary clay or lithics, and can be occasionally concentrated along undulatory clay-

rich stylolites.

Fe- and Ti-oxides (F1) can replace clay rims, float within the first phase of quartz
cement (Q1), or occur later in the paragenetic sequence replacing remnant dissolved grains

within mouldic porosity (F2).

All authigenic carbonate minerals (ferroan dolomite, calcite and siderite) occur
relatively late in the diagenetic sequence. These cements tend to fill mouldic porosity that
appears to have formed after the precipitation of the Q1 cement. Carbonate cements can be
locally significant in the Group B samples (1-3%; 5 samples), but are typically absent in the

Group A samples.

Barite occurs as fine to coarsely crystalline to poikilotopic cement, and can be within
mouldic and intergranular porosity or replacive after primary matrix clay and feldspar. It is
mainly observed in the Unit IV-3 sandstone, and encloses all quartz cement phases, as well as

bitumen adjacent to quartz cements.

5.3.6 Solid Bitumen

Residual heavy hydrocarbon or solid bitumen is identifed as an opaque discontinuous
thin coating or pore-throat blocking phase in minor quantities (0.3-4.3%; Table 2). Bitumen
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can be found in the high permeability Group A sandstones (16 out of 25 samples) and less so
in the Group B sandstones (15 out of 45 samples; Table 2). Residual heavy hydrocarbon
stains early kaolinite and illite phases and coats euhedral quartz cement (Q1) within
intergranular pore space. The bitumen coating phase is typically 1-5 um thick and can occur
across euhedral quartz cement (Q1) faces, but is generally not continuous around the entire
pore. The bitumen coatings may also be overgrown by quartz cement nucleating from an
adjacent uncoated quartz surface, seen in samples in the south of the field. Bitumen takes on a
shiny-yellow orange appearance in reflected light in samples from the southern part of the
field, and the presence of some pyrobitumen here supports an increase in peak burial
temperature in the south of the field (English et al., 2016c).

5.4 Visible Porosity

The pore system can be petrographically characterized as primary intergranular and
mouldic. The higher permeability Group A samples are dominated by primary intergranular
porosity (up to 11.3%), whereas the lower permeability Group B samples are generally
dominated by secondary mouldic porosity (up to 7.0%) (Fig. 14C; Table 2). The samples
dominated by primary intergranular porosity (Fig. 14C) are exclusively fine to coarse grained
clean sandstones, and occur most commonly in the Unit IV-3. Visible intergranular porosity
is poorly preserved in the very fine grained sandstones and absent in the siltstones. Good
permeability correlates to original primary intergranular porosity where quartz cementation is
incomplete and pore-filling illite cements are very low (< 0.5%). “Oversized” secondary
pores appear to have been created by full dissolution of unstable grains within an

intergranular porosity dominated network.

In the finer-grained, and often more feldspathic sandstones, the intergranular pore
space is occluded by authigenic quartz and illite, and more commonly characterized by the
presence of isolated mouldic pores interpreted to result from the dissolution of K-feldspar and
lithic clasts. These secondary mouldic pores are observed to be poorly connected, and while
they may locally give rise to reasonable porosity (up to 11%, Fig. 14C), the permeability of
these sandstones is invariably low. Microporosity, contained within primary clay, clay-rich
grains, and illite and kaolinite masses, likely accounts for the difference between

petrographic-derived visual porosity estimates and laboratory core measurements.
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6.0 Numerical Modelling of Sandstone Diagenesis

Observations from the petrographic analysis indicate that samples from the southern
well (Well G) have higher quartz cement volumes and lower porosity and permeability than
compositionally and texturally equivalent samples from the northern area (Fig. 16). The
primary focus of the numerical modelling with Touchstone™ was to investigate the impact of
thermal history on the high permeability facies (Group A), and establish if greater thermal
exposure may account for the increased level of quartz precipitation in the south.

Group A samples were filtered so that only Unit 1V-3 samples of similar
characteristics were used (Table 3). Outliers (excess pyrite, mouldic porosity dominant) were
removed from the sample set leaving 20 samples. The final subset of Unit 1VV-3 samples used
to calibrate the model was taken from three different wells (Wells A, G, H; Fig. 1). Using
separate burial, thermal and effective stress histories for the northern area (Wells A and H)
and southern area (Well G) (English et al., 2016c) of the field, and a single set of optimized
model parameters for all samples, the numerical model was able to achieve a good match
between modelled and measured data for IGV, quartz cement, total porosity and permeability
(Fig. 17). The details of the model configuration used in this study are provided in Table 3.
The model correctly predicts that the samples from the southern well (Well G) will have
higher quartz cement volumes and lower porosity and permeability than equivalent samples
from the northern area (Fig. 17B, 17C, 17D). This is consistent with observations from the
petrographic analysis (Fig. 16). Hence, higher temperatures experienced in the south are
interpreted to be the cause of increased quartz cement volume there, while variations in
porosity and permeability between the two northern wells (Well H versus Well A; Figs. 17C,
17D) are interpreted to be primarily due to differences in grain size (i.e. available surface
area) (Fig. 16).

The paragenetic sequence is primarily constrained by petrographic observations, and
the modelled sequence is displayed in Figure 18. During the pre-Hercynian stage, the greatest
degree of compaction, dissolution and re-precipitation of cement occurs, with a higher degree
of reservoir quality destruction occurring in the lower permeability Group B samples.
Extensive quartz cementation occurred during burial stages in the Carboniferous and

Mesozoic (Fig. 18), which continued to degrade the reservoir. Late cement phases such as
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barite are modelled to occur after the onset of Cenozoic exhumation; this interpretation is

supported by fluid inclusion data (English et al., 2016a; English et al., 2016c).

Predictive present-day frequency distributions for total porosity and permeability of
the Group A lithofacies provide a good match with measured sample distributions (Fig. 19),
and also illustrate that spatial variations in thermal history across the field have a major
impact on reservoir quality. The evolution of porosity and permeability, compared to thermal
history, is illustrated in Figure 20. The predicted present-day mean porosity and geometric
mean permeability range from 9.2% and 131 mD in the north of the field to 4.1% and 1.1 mD
in the south of the field. The P10 to P90 envelope illustrates the likely range of reservoir
parameters that could be encountered for the specified thermal history. These averages are
within the range of field-wide porosity-permeability data for the Unit V-3 (Figs. 6A, 17C,
17D).

Finally, the results of the diagenetic models were extrapolated away from the
petrographic control wells to generate predicted present-day porosity and permeability maps
for the entire study area using T>Map™ software. This modelling step integrates the
calibrated frequency distributions for each of the input rock property parameters with a suite
of depth, thermal history, and effective stress maps across the study area for 15 different
geologic time-steps between time of deposition and present-day. Maximum
paleotemperatures across all wells ranged from 137 to 163°C with timing of peak
temperatures and exhumation the same as Wells A and G (Fig. 3). The resulting mean
porosity and geometric mean permeability maps predict that the Group A facies will yield
better reservoir quality in the north of the field area because of the shallower maximum burial
compared to the more deeply buried southern part of the field with higher peak
paleotemperatures (Fig. 21).

7.0 Discussion
7.1 Sedimentological Controls on Ordovician Reservoir Quality

Upper Ordovician sandstones display highly variable reservoir quality (e.g. Hirst et
al., 2002; Hirst, 2012; Wells et al., 2015), from conventional reservoirs through to very low
permeability tight gas reservoirs (Fig. 6). This study demonstrates that depositional texture,

composition and thermal history are the primary controls on reservoir quality in these
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sandstones. The most permeable facies is found in the post-glacial marine sequence of the
Unit 1V-3 and proximal deposits of the syn-glacial Unit 1V-1, which can yield matrix
permeabilities in the range of 0.1 mD up to 1 Darcy (Group A, Fig. 6). This facies comprises
fine to coarse grained sandstones (Fig. 10), and is dominated by intergranular porosity with

little or no initial detrital feldspar or authigenic illite content (Fig. 14).

In contrast, the lower permeability sandstones (Group B, < 0.1 mD) typically consist
of finer-grained and more feldspathic compositions characterized by the poor preservation of
primary intergranular porosity due to quartz cement, and the dominance of poorly-connected
mouldic pores and microporosity (Fig. 14C). Significant secondary porosity is likely
generated by the dissolution of feldspar and lithics, and these secondary pores often contain
pore-filling illite cements. Group B samples are found in all stratigraphic units, but are
especially prevalent in the finer-grained and more distal facies of the Unit IV-2 (Fig. 12).

The best quality reservoir is also encountered in the Unit 1\V-3 in other Ordovician
fields in the basin such as Tiguentourine (Lang et al., 2012; Hirst, 2016) and Tin Fouyé
Tabankort (Askri et al., 1995; Le Maux et al., 2006). A recent sedimentological study has
interpreted these uppermost Ordovician sandstones in the Illizi Basin as being deposited in a
high-energy, tidally-influenced, shallow marine environment following a period of post-
glacial isostatic rebound (Hirst, 2016). The moderate- to high-energy depositional setting was
likely to have been a key factor in the deposition of these relatively coarser-grained, clean
quartzitic sands. Although these sands have been described as laterally discontinuous at the
Tiguentourine field (In Amenas area) and in outcrop (Hirst et al., 2002; Hirst, 2016), they
appear to be more laterally continuous at the Tin Fouyé Tabankort field (Askri et al., 1995;
Le Maux et al., 2006) and in the current study area. Good reservoir quality has also been
encountered in proximal and medial glaciomarine fan sandstones (Unit V-1 equivalent) in
the In Amenas area (Lang et al., 2012; Wells et al., 2015), but this unit is relatively

undersampled in this study.

7.2 Role of Bitumen in Reservoir Quality Preservation

Indicators that bitumen coats may have locally slowed quartz growth include: (1)
bitumen is sometimes observed to coat the main quartz cement phase (Q1), and quartz

cement is observed to no longer nucleate from that coated face; (2) bitumen often appears
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between the quartz cement and intergranular pore space; and (3) bitumen is mostly, but not
exclusively, observed in permeable rocks. However, bitumen is only present in minor
quantities (0.0-2.3%) in the high permeability Group A samples, and is only present in 16 out
of the 25 samples described (Table 2). Where present, the bitumen does not coat every quartz
face within a pore (Fig. 12A), and quartz cement continued to grow on the clean quartz faces.
In samples with a hotter thermal history in the south of the field, the bitumen can be fully
enclosed by quartz cement that has grown from adjacent uncoated quartz grains or faces,
suggesting that the presence of bitumen may not have a material impact on reservoir quality.
The bitumen is not usually found in the isolated mouldic pores, which suggests that oil more
readily penetrated and saturated the primary intergranular pore system. Therefore, it is
possible that the bitumen does not play a significant role in the preservation of porosity and
permeability in this dataset, but rather highlights (a) the main migration pathways for oil that

existed within the reservoir in the past or (b) the presence of local paleo oil columns.

7.3 Importance of Constraining Thermal History in Exhumed Basins

Authigenic quartz is the primary pore-filling cement in these quartzitic Ordovician
sandstones. Previous studies have shown that quartz cement volume depends on the rate of
precipitation and availability of quartz substrates, such as grain surface area (Lander et al.,
2008). Based on numerical modelling in this study, higher thermal exposure is interpreted to
have been the cause of increased levels of quartz precipitation in the southern part of the
study area (Well A versus Well G; Fig. 16), while variations in porosity and permeability
between the two northern wells (Well H versus Well A; Figs. 17C, 17D) are interpreted to be
primarily due to differences in grain size (i.e. available surface area) (Fig. 16). For a given
thermal history, the coarser grained samples are likely to have porosity and permeability
values above the mean, while finer grained samples are likely to have lower values. Coarser-
grained facies in the southern part of the field are predicted to still retain adequate reservoir

characteristics (> 1 mD) as indicated by the range in modelled distributions (Fig. 20).

However, the key implication of this detailed analysis is that reservoir quality in clean
quartzitic sandstones is inherently linked to length of exposure to elevated burial
temperatures. A difference only 16°C in peak paleotemperature across the study area, over a
significant amount of time (~250 My; Fig. 18), has led to a material difference in reservoir

quality. Therefore, it is of critical importance to identify and evaluate subtle differences in
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thermal history across a basin, whether caused by differential burial or variable heat flow etc.,
in order to predict regions of better reservoir quality and deliverability. This is particularly
critical in exhumed basins where variations in present-day burial depth will be a poor guide
for evaluating the variation in reservoir quality risk across a basin or play (e.g. note the
discordance between present-day burial depth and predicted permeability in Figure 21).
Further refinement of the reservoir model in this study will require additional wells and
detailed sedimentological models to predict variations in primary depositional facies and
thicknesses across the field. Additionally, natural fractures can also augment the bulk

permeability of the sandstones, which is especially important in the tighter reservoir rocks.

8.0 Conclusions

This study constitutes a detailed integration of the tectonic evolution, thermal history
and petrographic characterization of the Upper Ordovician sandstone sequence to (1)
determine the main controls on reservoir quality and (2) predict ‘sweet spots’ for enhanced
productivity. This study also incorporates a number of diverse analytical and modelling
techniques including thermal maturity, apatite fission-track, sonic compaction analysis, fluid
inclusions, 1D basin modelling, petrography, core analysis, facies characterization, and
predictive reservoir quality modelling. The integrated workflow presented within this study
could be replicated in other reservoirs and basins to enhance the identification of subtle, yet
commercially significant, spatial and vertical trends in thermal history and reservoir quality.

The main findings of this study are as follows:

e Depositional texture and composition are important controls on reservoir quality. The
best reservoir quality is encountered in the post-glacial marine sequence of the Unit
IV-3, where fine to coarse grained quartzarenites are dominated by intergranular

porosity with little or no initial detrital feldspar or authigenic illite content.

e Poorer quality reservoir sandstones typically consist of finer-grained and more
feldspathic compositions with poor preservation of primary intergranular porosity,
and, hence, lower permeability.

e Increased quartz cement volume in Unit IV-3 samples from the southern part of the
field is interpreted to have resulted from increased thermal exposure during deeper

burial.
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Thermal history has a material impact on the spatial variability of reservoir
permeability, and this study demonstrates that relatively minor differences in thermal
history can make a significant difference to the reservoir quality. This is a particularly
important consideration in reservoir quality studies in exhumed basins where
variations in present-day burial depth will be a poor guide for evaluating reservoir

quality risk across a basin or play.
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Figure 1: Regional map showing the location of the Illizi Basin in Algeria and the study area.
TFT = Tin Fouyé Tabankort.

Figure 2: (a) Stratigraphic column from the Cambrian to the lower Silurian source rocks in
the Illizi Basin. (b) Simplified gamma ray and schematic log showing the typical facies
associations within the Ordovician Unit IV. The syn-glacial sequence illustrated here
represents a single glacial cycle — erosion and subglacial facies overlain by a retrogradational
succession of glaciomarine fan deposits. Note the location of Units 1V-3, 1V-2, and IV-1,

which were the focus of this study.

Figure 3: 1D burial history model (Well A) for the study area in the Illizi Basin (modified
from English et al., 2016c). Solid lines correspond to burial depth and dashed lines
correspond to temperature.

Figure 4: (a) Simplified geological cross-section (A-A’) showing the glacial valleys in
outcrop in the Tassili N’Ajjer (modified from Deschamps et al., 2013). NNW-oriented glacial
valleys can be in excess of 400 m deep with widths ranging from 2-10 km (Beuf et al., 1971;
Galeazzi et al., 2010). (b) Simplified geological cross-section (B-B’) from the study area
showing a large incised glacial valley and the subdivision of the Unit IV in the subsurface. (c)

Map showing the location of the section lines (map outline displayed in Figure 1).

Figure 5: (a) Schematic depositional model for the Ordovician syn-glacial succession. (b)
Simplified sketch showing the internal geometry of the tidal sand ridges present at the top of
the Ordovician in the Gara Nessaret area of the Tassili N’Ajjer (based on Beuf et al., 1971).

Figure 6: Core helium porosity and Klinkenberg permeability from the Upper Ordovician
reservoir in the study area. All displayed core measurements were taken at 800 psi confining
stress. (a) All data (417 samples) coded by stratigraphic unit. The best reservoir quality is
typically found in the Unit 1V-3 and occasionally in the Unit 1\V-1. (b) Subset of 70 samples
selected for petrographic analysis to determine the primary controls on porosity and
permeability preservation within this reservoir. Higher permeability (> ~ 0.1 mD) and lower
permeability (< ~ 0.1 mD) samples will be herein referred to as Group A and Group B
respectively. The kink in the dividing line between the two groups is due to a ‘borderline’

sample that was modelled with the Group A subset.
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Figure 7: Porosity and permeability of 69 Ordovician sandstone samples at varying levels of
net confining stress. For each core sample, five levels of net confining stress are shown: 800
psia (base case), 1900 psia, 3300 psia, 4500 psia, and 6000 psia. The high permeability Group
A samples are the least stress sensitive, while stress sensitivity increases in general in the

lower porosity and permeability samples.

Figure 8: (a) Pore throat radius distributions derived from mercury injection capillary
pressure tests (MICP). Port classification scheme is from Hartmann and Beaumont (1999).
(b) Strong positive correlation between modal pore throat radii and permeability. Within the
lower permeability Group B samples, the Unit IV-2 generally has the narrowest pore throat

radii encountered in the study.

Figure 9: Saturation height above free water level (HAFWL) curves derived from MICP
tests. Group A (black) and Group B (grey) curves are plotted according to (a) stratigraphic
unit and (b) permeability. The Group B samples from the Unit V-2 tend to be associated
with the lowest permeability, highest capillary entry pressures, and the longest transition

Zones.

Figure 10: Porosity-permeability characteristics of the petrographic sample set coded by (a)

mean grain size and (b) degree of sorting.

Figure 11: Grain size histograms for each of the Ordovician stratigraphic units and coded

according to Group A (black) and Group B (grey).

Figure 12: (a) Preserved intergranular porosity in a clean fine grained sandstone in Unit IV-3
(Well H: 1961.97 m). Inset: (Well H: 1961.33 m) Discontinuous bitumen coats on a quartz
faces. (b) Low permeability sandstone with high porosity due to poorly connected mouldic
pores from the Unit V-1 (Well F: 1970.75 m). (c) Stylolitic Unit IV-3 sandstone with
evidence of remnant k-spar and detrital clay replaced by pyrite in places (Well A: 1918.97
m). (d) Poorly sorted Unit IV-3 with k-spar concentrated in the finer grained fraction. Note
the sutured boundaries between quartz grains due to chemical compaction (Well C: 1897.13
m). (e) Evidence of detrital clay coat on grain boundary preventing nucleation of quartz
cement. Quartz cement was able to nucleate between gaps of the clay rims from adjacent
grains (Well A: 1922.88 m). (f) Coarse grained sandstone with polycrystalline quartz (Qp:
6%). Kaolinite is observed to be oil-stained (Well G: 1943.71 m).
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Figure 13: Sandstone classification based on detrital quartz (Q), feldspar (F) and rock
fragment (R) contents (Folk, 1974). The sample set is focussed in the apex of the QFR
diagram and most of the samples are quartzarenites. The samples with increased feldspar
content are typically silt or very fine grained samples contained in the Units 1VV-2 and IV-1.
The depositional feldspar content of the sandstones was estimated in the diagenetic models
by assuming a closed chemical system and that the aluminium (Al) content in the authigenic
illite and kaolinite was derived from the initial feldspar content. Reconstructed compositions
show that some Group B samples were originally in the arkose-subarkose category. Group A
and B were likely more distinct at deposition compared to their current framework grain

compositions.

Figure 14: Summary porosity-permeability characteristics in the petrographic sample set
coded according to: (a) presence or absence of original detrital feldspar, (b) presence or
absence of a pore-filling illite cement phase, and (c) dominance of visible primary
intergranular porosity versus secondary mouldic porosity. Original detrital feldspar and illite
cements are generally absent from the higher permeability Group A sandstones dominated by
primary intergranular porosity. Conversely, original detrital feldspar and illite cementation
are more common in the fine-grained Group B sandstones, which are dominated by
secondary mouldic porosity. Pore-filling illite is completely absent from the higher

permeability (> 0.1 mD) Unit IV-3 sandstones.

Figure 15: ESEM micrographs: (a) Point to point grain contacts with connected intergranular
porosity are well-preserved in the permeable Group A samples (Well A: 1918 m). (b) In
lower permeability Group B samples, extensive authigenic quartz cementation has
significantly reduced the reservoir quality (Well A: 1923.5 m). (c) Pore-lining platey illite
(11) of possible detrital origin (Well A: 1914 m). (d) Pore-filling fibrous illite (12) occupying
mouldic pores (Well A: 1934.05 m).

Figure 16: Comparison between medium and fine grained sandstones in the north and south
of the study area. Note the higher quartz cement volumes present in the samples from the
south (Well G). Improved reservoir quality is observed in medium grained versus fine

grained samples.

Figure 17: Touchstone calibration results using a single set of optimized model parameters.
Tolerance limits for porosity, quartz cement, and intergranular volume are set at +4 vol.%.

Tolerance limits for permeability are set at an order of magnitude.
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Figure 18: Paragenetic sequence of the Group A and B facies. Representative samples were
run with ‘north’ and ‘south’ burial histories to capture the range in diagenetic evolution. The
size of the quartz cement, compaction, illite, kaolinite, and K-feldspar/lithic dissolution
shading is scaled according to the volumetric rates of change. The size of the barite,
carbonates, Fe/Ti oxides, pyrite shadings are relatively exaggerated compared to the others to
make them easier to see. The formation of kaolinite and K-feldspar/lithic dissolution are
directly linked by Al mass balance and therefore genetically linked. Constraints on timing of
cement phases from fluid inclusion data is indicated for quartz and barite relative to the
temperature history of Well A and G. Onset of hydrocarbon expulsion began in the
Carboniferous with renewed expulsion occurring in the Cretaceous-Eocene (English et al.,
2016c¢).

Figure 19: Touchstone prediction distributions using stochastic simulations for Group A.
Note the good agreement between the stochastic predictions for the north and south regions,
and the measured sample data. Group A calibration samples all have permeability in excess
of 0.1 mD and may not fully represent the low-end of the reservoir quality in the southern
area as predicted by the model.

Figure 20: Evolution of porosity and permeability through time derived from prediction
distributions in Touchstone. Depositional mean porosity begins at ~35% but is eventually
reduced to 9.2% (and 131 mD geometric mean permeability) in the north of the field and
4.1% in the south of the field (and 1.1 mD geometric mean permeability), though the
statistical P10 and P90 ranges account for variability in the original grain size, texture and

composition.

Figure 21: Burial depth and predicted mean total porosity and geometric mean permeability
maps through time for Group A facies. 286 Ma represents the onset of Hercynian exhumation
at the end of the main hydrocarbon generation phase. 124 Ma is an intermediate step in the
evolution. The present-day maps indicate better reservoir quality in the north due to less
burial and lower paleotemperatures. Note the discordance between present-day burial depth
and predicted porosity and permeability. Ranges from the mean are described by P90 and P10
curves in Figure 20 and will depend on the original depositional grain size, texture and

composition. Black circles are locations of 1-D models based on wells in the study area.

Table 1: Rock property summary of Upper Ordovician sandstones
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Table 2: Petrographic summary of Upper Ordovician sandstones

Table 3: Touchstone model parameters (Group A facies)
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Table 1

TABLE 1: ROCK PROPERTY SUMMARY OF UPPER ORDOVICIAN SANDSTONES

GROUP A GROUP B GROUP B GROUP B
(high k)* (Unit IV-3) (Unit IV-2) (Unit Iv-1)
Number of Samples 41 169 126 81
Helium 4.4-11.4% 0.8-9.6% 1.4-13.6% 2.8-10.6%
Porosity (ave. 7.0 + 1.9%) (ave. 3.7 +1.4%) (ave. 7.4 +2.9%) (ave. 6.4 +1.7%)
Baseline
Core Data Air 0.16 - 385.96 mD 0.0007 - 0.1594 mD 0.0011-0.1718 mD 0.0046 - 0.1704 mD
(at 800 psia) Permeability (ave. 58.50; geomean 8.43 mD) (ave. 0.0294; geomean 0.0213 mD) (ave. 0.0322; geomean 0.0211 mD) (ave. 0.0565; geomean 0.0429 mD)
Klinkenberg 0.10-377.89 mD 0.0002 - 0.0905 mD 0.0004 - 0.1076 mD 0.0019 - 0.0927 mD

Permeability

K/Phi

(ave. 56.90; geomean 7.21 mD)

1.6 - 3589.6
(ave. 596.1; geomean 106.8)

(ave. 0.0159; geomean 0.0100 mD)

0.02-2.01
(ave. 0.45; geomean 0.30)

(ave. 0.0155; geomean 0.0084 mD)

0.01-1.42
(ave. 0.18; geomean 0.12)

(ave. 0.0300; geomean 0.0223 mD)

0.04-1.04
(ave. 0.44; geomean 0.36)

Capillary
Pressure**
(Hg injection)

Number of Samples

Modal Pore
Throat Radius
Pore throat
description
Capillary Entry
Pressure

9

4.35-15.58 um
(ave. 9.60 *3.81 um)

Macro-Megaports

4 -9 psia
(ave. 6 + 2 psia)

5***

0.28-0.61 um
(ave. 0.38 +0.14 ym)

Micro-Mesoports

115 - 228 psia
(ave. 147 * 46 psia)

15

0.05 - 0.33 um
(ave. 0.16 +0.08 um)

Nano-Microports

129 - 793 psia
(ave. 396 + 239 psia)

5

0.14 - 0.43 um
(ave. 0.29 #0.11 pum)

Microports

148 - 322 psia
(ave. 225 * 66 psia)

* Group A includes mainly Unit V-3 samples, but also some Unit IV-1 (see Fig. 6A).

** Includes 6 additional samples not included in main text and Figures 7 and 8 as only routine porosity and permeability measurements were available.

*** 1 anomalous poorly sorted Unit IV-3 sample (Fig. 12D) with a capillary entry pressure of 1717 psia and a modal pore throat radius of 0.02 um has been excluded from these statistics.




Table 2

TABLE 2: PETROGRAPHIC SUMMARY OF UPPER ORDOVICIAN SANDSTONES

GROUP A GROUP B
(k>0.1 mD) (k< 0.1 mD)
Number of Samples 25 45
Helium 4.7-11.4% 1.3-11.8%
Porosity (ave. 7.0 +1.9%) (ave. 4.8 +2.4%)
Core Data Klinkenberg 0.10-377.89 mD 0.0005 - 0.0496 mD
(at 800 psia) Permeability (ave. 60.21 mD; geomean 9.58 mD) (ave. 0.0124 mD; geomean 0.0073 mD)
Grain 2.63-2.67 g/cc 2.63-2.79 g/cc
Density (ave. 2.65 *0.01 g/cc) (ave. 2.65 +0.02 g/cc)
Grain Size fine sand to coarse sand very fine sand to medium sand

(Mean Grain Size)

(0.14 - 0.51 um; ave. 0.25 + 0.09 um)

poor to moderately-well
(1.40 - 2.20; ave. 1.70 + 0.21)

mild to severe
(15 - 28%; ave. 24 + 3%)

(0.06 - 0.31 pm; ave. 0.18 + 0.07 um)

poor to well
(1.37 - 2.51; ave. 1.71 £ 0.25)

mild to severe
(16 - 42%; ave. 26 + 6%)

Texture Sortlng .
(Trask Coefficient)
Compaction
(Intergranular Volume)
Quartz (Q)
(Preserved) Feldspar (F)
Detrital
Composition Rock Fragments (RF)

97.2 - 100%
(ave. 99.6 +0.7%)
0.5 % (1 sample)

0.4-2.8 % (9 samples)
(ave. 1.1 +0.8%)

90.3 - 100%

(ave. 98.6 +2.0%)
0.4-9.2 % (11 samples)
(ave. 2.8 +3.2 %)
0.4-2.3 % (34 samples)
(ave. 0.9 +0.5%)

Primary Matrix Clay

0.7 - 4.0% (18 samples)
(ave. 1.7 +0.9%)

0.3-14.7% (18 samples)
(ave. 2.1 *+ 3.4%)

Grain Coating Mean Grain Coat Area 15-42% 8-79%
(ave. 30 *+ 8%) (ave. 37 +16%)
Quartz 8.7-22.3% 5.3-31.3%
(ave. 14.2 +3.9%) (ave. 20.1 +5.3%)
lite 0.7-3.0 % (5 samples) 0.3-12.3 % (41 samples)
Authigenic (ave. 1.3 +1.0%) (ave. 3.1 +2.8%)
Mineralogy Kaolinite 0.3-1.3 % (2 samples) 0.3-7.3% (7 samples)
(ave. 0.8 + 0.7%) (ave. 1.8 +2.5%)
Bitumen / 0.3 -2.3% (16 samples) 0.3 - 4.3% (15 samples)
Heavy Hydrocarbon (ave. 0.8 +0.7%) (ave. 1.4 +1.3%)
Intergranular 4.6 - 11.3% (25 samples) 0.3 - 3.0% (30 samples)
Visible (ave. 6.9 *+ 1.9%) (ave. 1.2 +0.7%)
Porosity 0.3-5.7 % (12 samples) 0.3-7.0% (41 samples)

Mouldic

(ave. 1.6 +1.5%)

(ave. 1.9 *+1.4%)




Table 3

TABLE 3: TOUCHSTONE MODEL PARAMETERS (GROUP A FACIES)

Wells A G H
Sample Selection Group A; Unit IV-3; Grain size > 0.17mm; Permeability > 0.1mD

"North" and "South" 1D Genesis Models, calibrated with maturity data, fluid inclusion modal

Burial Histor
v temperatures (English et al., 2016b)

Depositional IGV based on Reservoir Quality Consortium experiments
Grain Rigidity (IGVf) = 7 classes ranging between 0.4-25
Compaction Pore fill rigidity = 0.12-5.33; clay matrix = 0.12
Beta exponential compaction rate = 0.6/MPa
Samples with measured IGV below 26% adjusted for chemical compaction

Activation energy and nucleation surfaces depend on measured grain sizes, clay rims, domain count
in polycrystalline quartz

Ea (kJ/mol) for 0.35 mm grain size = 67.9 ; A, (mol/cmz/s) =9E-12

Grain size effect slope = -2.8; minimum temperature for quartz growth =25°C

Quartz Cementation

Paragenesis Based on petrographic observations
Replacement Parent grains assigned based on petrographic observations
Microporosity 6 classes of microporosity (0.11-20.6%)

Hydrocarbon inhibition ~ Not used to inhibit cement (see section 7.2 in text)

7 classes of permeability based on surface area of grain or cement type = 1-2868 mmz/mm3
Maximum tortuosity = 2168.4, using detailed grain size measurements

Secondary porosity tortuosity = 2; microporosity effectiveness = 0.69 (fraction)

Correction factor =5

Permeability

Categories constrained petrographically, best fit across all categories
Optimization Fitness function = hybrid; Engine = genetic algorithm; auto converge
Minimum iterations = 4250

Prediction Distributions assighed manually to measured data; iterations = 5000




