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ABSTRACT 1 

Intracratonic sag basins commonly have relatively simple tectonic histories; however, 2 

later tectonic activity involving exhumation can make reconstructing the burial history a 3 

challenging task. This is important because the relative timing of hydrocarbon generation and 4 

trap formation can be a key factor in risk assessment. If trap formation post-dates peak 5 

hydrocarbon generation, exploration plays are typically downgraded. Mechanisms for charge in 6 

such exhumed basins are a critical factor for understanding exploration risk. This study utilises 7 

data collected from an Ordovician multi-Tcf gas-condensate field in the Illizi Basin of Algeria to 8 

document the charging of a trap formed, or modified, during exhumation of the basin following 9 

maximum burial. Integrated analysis of sonic compaction data, thermal history indicators and 10 

stratigraphic insights has been used to constrain the burial and thermal history of the region. 11 

Hydrocarbon generation in the lower Silurian source rock is interpreted to have occurred during 12 

the Carboniferous (prior to Hercynian exhumation) and during Late Cretaceous–early Eocene 13 

maximum burial (prior to Eocene exhumation). Structural reconstructions indicate the field was 14 

initially located on the southern flank of a long-lived intra-basinal Paleozoic paleohigh, and that 15 

the large low-relief structural closure that defines the present-day accumulation formed as a 16 

result of northward tilting of the Illizi Basin during Eocene uplift of the Hoggar Massif. The 17 

study demonstrates that the timing of trap formation at the Ordovician field post-dates the main 18 

local hydrocarbon generation events within the basin, suggesting that alternative hydrocarbon 19 

charge mechanisms are required. This study indicates considerable potential to charge up-dip 20 

traps on the flanks of exhumed petroliferous basins via re-distribution of the pre-existing 21 

hydrocarbons within the basin.  22 

23 
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INTRODUCTION 1 

The Illizi and Berkine basins in southeastern Algeria contain more than 6000 m [19,685 2 

ft] of Paleozoic–Mesozoic strata (Echikh, 1998; Dixon et al., 2010; Galeazzi et al., 2010). The 3 

Illizi Basin is separated from the Berkine Basin to the north by the buried axis of the long-lived 4 

Ahara high. It is confined by the Amguid-El Biod-Hassi Messaoud ridge to the west, the 5 

Tihemboka arch to the east and the Hoggar Massif to the south (Fig. 1). The Illizi Basin is a 6 

prolific hydrocarbon province with recoverable reserves estimated at ~5 Bbbl oil and 37 Tcf of 7 

gas (Galeazzi et al., 2010). Significant additional resource remains to be discovered based on 8 

source rock expulsion estimates (Macgregor, 1998; Cochran and Petersen, 2001).  9 

The Ordovician multi-TCF gas-condensate field in the study area is located in the 10 

southern Illizi Basin (Fig. 2), and is a large, low-relief four-way dip closure, approximately 80 11 

km by 50 km [50 mi by 31 mi], with a hydrocarbon column in excess of 100 m [328 ft]. The 12 

reservoir sequence is comprised of Upper Ordovician (Ashgill) glacial to glacio-marine Unit IV 13 

sandstones (Fig. 3). The uppermost Unit IV reservoir contains variable matrix permeabilities 14 

ranging from ~0.001 md to ~750 md. The depositional setting of the Upper Ordovician reservoir 15 

has been extensively documented in outcrop (e.g., Beuf et al., 1971; Eschard et al., 2005; 16 

Ghienne et al., 2007, 2013; Moreau, 2011), and in other offsetting Ordovician fields such as Tin 17 

Fouyé Tabankort (Askri et al., 1995; Le Maux et al., 2006), Ohanet (Philippe et al., 2003a), and 18 

In Amenas (Dixon et al., 2008; Roussé et al., 2009; Hirst, 2012). The sequence is capped by the 19 

lower Silurian Tannezuft-equivalent source rock and seal, which was deposited during eustatic 20 

sea-level rise associated with a period of deglaciation (Lüning et al., 2000; Legrand, 2003; 21 

Grabowski, 2005; Le Heron and Craig, 2008; Moreau, 2011; Galeazzi et al., 2010).   22 

The burial history of the Illizi Basin is interrogated in this study through integration of 23 

regional stratigraphy, sonic compaction analysis, and thermal maturity, fluid inclusion 24 

microthermometry, and apatite fission-track data. These data will be used to address: (a) the 25 

post-Paleozoic evolution of the basin, (b) the magnitude and timing of maximum burial and 26 

temperature within the study area, and (c) the relative timing of hydrocarbon generation and trap 27 

formation. It will be demonstrated that trap formation (or at least the current configuration) post-28 

dates the main local hydrocarbon generation events within the basin, and alternative charge 29 

mechanisms for the field will be explored. 30 
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 1 

TECTONIC HISTORY 2 

The Tuareg Shield in North Africa first amalgamated during the Late Neoproterozoic 3 

Pan-African orogeny to create the Gondwana supercontinent (e.g., Black et al., 1994; Liégeois et 4 

al., 2005). The northern margin of Gondwana was open to the ProtoTethys, creating a vast 5 

clastic-dominated Paleozoic sedimentary basin reaching as far south as Niger and Mali (Beuf et 6 

al., 1971; Stampfli and Borel, 2002; Guiraud et al., 2005; Konaté et al., 2006; Dixon et al., 7 

2010).  During the Pennsylvanian, the Hercynian (Variscan) orogeny caused extensive uplift and 8 

erosion along north–south trending arches, resulting in the segmentation of the Saharan Platform 9 

into separate basins, such as the Illizi and Mouydir basins (Aliev et al., 1971; Beuf et al., 1971; 10 

Fabre, 1976; Boudjema, 1987; Van de Weerd and Ware, 1994; Guiraud et al., 2005). Hercynian 11 

erosion penetrated the Cambro-Ordovician sequence on parts of these uplifted highs (e.g., 12 

Amguid-El Biod high, Hassi Messaoud ridge, Maouar high; Fig. 2). However, a nearly complete 13 

Paleozoic sequence is still preserved in the eastern Illizi Basin (Figs. 2 and 4A), although the 14 

original maximum thickness is unknown. Renewed deposition of the Mesozoic–early Cenozoic 15 

“Tethys Supersequence” (Boote et al., 1998) occurred in response to subsidence following the 16 

initial break-up of Gondwana and the opening of the Tethyan seaway to the north. Triassic 17 

fluvial clastics sourced from Hercynian highs were deposited northward in the Berkine Basin 18 

(Echikh, 1998). In the northern parts of the Berkine and Oued Mya basins, a Triassic salt basin 19 

developed, onlapping to the south toward the Illizi Basin (Turner and Sherif, 2007; Galeazzi et 20 

al., 2010; Fig. 4B). Transpressional and strike-slip movements occurred along existing north–21 

south basement lineaments during the Early-Mid Aptian Austrian event, as described along the 22 

El Biod trend (Boudjema, 1987; Galeazzi et al., 2010). Sedimentation continued from the Aptian 23 

until Mid-Late Eocene inversion (Pyrenean phase), which caused growth of the Atlas Mountains 24 

and reactivation of some Austrian and Hercynian fault systems (Echikh, 1998). Intraplate uplift 25 

and magmatism also initiated in North Africa during the Mid-Late Eocene, and developed 26 

numerous topographic swells, including the Hoggar Massif (e.g., Wilson and Guiraud, 1992; 27 

Wilson et al., 1998; Liégeois et al., 2005; Rougier et al., 2013), leading to large-scale 28 

exhumation in the flanking sedimentary basins (e.g., English et al., in review A; Fig. 4B).  29 

 30 
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EVIDENCE FOR A MAJOR INTRA-BASINAL PALEOTOPOGRAPHIC HIGH  1 

The presence of significant post-glaciation paleotopography on the Gondwana shelf 2 

during early Silurian time has been demonstrated across many parts of North Africa (e.g., Lüning 3 

et al., 2000; Moreau, 2011; Spaak, 2013). In most cases, Silurian shales were deposited directly 4 

on Upper Ordovician sandstones during a marine transgression associated with melting of the 5 

Late Ordovician ice-caps. Source-rock facies, where present, are typically located at the base of 6 

the Silurian shale sequence, and are believed to have generated 80-90% of the Paleozoic-sourced 7 

hydrocarbons in North Africa (Boote et al., 1998). The Silurian ‘hot’ shales are laterally 8 

discontinuous and Lüning et al. (2000) proposed that their distribution and thickness were 9 

controlled by post-glaciation paleotopography. Spaak (2013) utilized Silurian biostratigraphic 10 

data from >300 locations across the Gondwanan shelf to demonstrate that the Silurian onlap is 11 

spatially diachronous and reflects progressive infill of the existing topography. While most areas 12 

show a duration of Silurian onlap of 5-9 Ma (within the Llandovery), some areas were not 13 

flooded until the Ludlow in the late Silurian (Spaak, 2013).    14 

An isopach map of the Silurian shale can be used to identify major paleotopographic 15 

features that were present at the end of the Late Ordovician glaciation. For the Illizi and Berkine 16 

basins in Algeria, the isopach indicates that the Ordovician field in the study area is located on 17 

the southern flank of an early Silurian paleohigh (Fig. 5A). This paleohigh will be herein referred 18 

to as the Isarene high. The existence of the Isarene high by early Silurian time can be shown 19 

using correlatable shale markers in subsurface wells, which demonstrate that the lower Silurian 20 

shale initially infilled lows in the Late Ordovician post-glacial topography. The lowermost 21 

Silurian shale within the study area thins toward, and onlaps the paleohigh to the north (Fig. 5B). 22 

In order to confirm diachronous lower Silurian onlap, the graptolitic Silurian shale 23 

immediately above the Ordovician reservoir was dated in three wells in the study area (Table 1, 24 

Fig. 5C). The oldest Silurian shales were consistently from the Streptograptus crispus biozone 25 

dated as middle Telychian (Upper Llandovery). In comparison to regional biostratigraphy, the 26 

basal Silurian shale has been dated as upper Rhuddanian (Lower Llandovery) (Legrand, 1985, 27 

2003) in outcrops in Tassili N’Ajjer to the south (Fig. 5A), and similar ages have been found 28 

from subsurface samples in the Berkine/Ghadames Basin in Algeria and southern Tunisia 29 
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(Lüning et al., 2000). These data indicate that the Isarene high was flooded approximately ~5 Ma 1 

after the onset of Silurian shale deposition in the Tassili N’Ajjers. 2 

  3 

ILLIZI BASIN: TIMING AND MAGNITUDE OF MAXIMUM BURIAL AND PEAK 4 

PALEOTEMPERATURES 5 

The burial and thermal history of a basin is important to constrain the hydrocarbon 6 

generation history. The timing of peak maturity and maximum burial of the Silurian source rock 7 

remains debatable in the southern Illizi Basin due to the removal of a significant part of the 8 

stratigraphic record. Some regional studies indicate that the timing of peak maturity was different 9 

across the Illizi Basin from Pennsylvanian in the southwest to Late Cretaceous-Eocene in the 10 

northeast (Tissot et al., 1984, 1987; Macgregor, 1998; Cochran and Petersen, 2001). In this 11 

study, a number of independent methodologies were employed to constrain the timing and 12 

magnitude of maximum burial and peak paleotemperatures across the study area.  13 

Sonic Interval Velocity Analysis 14 

Compaction, the reduction of sediment volume during progressive burial, generally 15 

results in the reduction of porosity with increasing depth. The degree of compaction of any 16 

sediment can be assessed from its sonic velocity, which is a function of lithology, porosity, and 17 

fluid in the pore space. This method assumes that porosity is reduced due to mechanical and 18 

thermochemical processes, and increasing vertical effective stress (Magara, 1976; Sclater and 19 

Christie, 1980; Bulat and Stoker, 1987; Hillis, 1995; Corcoran and Doré, 2005). Extensive work 20 

has been done to characterize compaction according to lithology (e.g., Japsen et al., 2007), and 21 

shales tend to show a more predictive velocity–depth relationship compared to sandstones 22 

(Pryor, 1973; Magara, 1976). Since porosity reduction is largely irreversible, the present-day 23 

velocity of correlated shale beds can be used to estimate spatial variations in maximum burial 24 

depth.  25 

In order to utilise this method, the compressional sonic velocity for a shale interval is 26 

compared to a compaction reference curve, which provides a typical velocity–depth relationship 27 

for shale in a normally subsiding basin. A shale is considered overcompacted if its velocity is 28 

higher than expected for a given depth, implying the interval was once buried deeper. 29 



10 

 

Undercompaction can be identified when the measured velocity is lower than expected for that 1 

depth. The difference between the present-day depth and the expected depth for the measured 2 

velocity equals the amount of apparent exhumation (Corcoran and Doré, 2005; Fig 6A). Previous 3 

analyses in the region describe undercompacted sediments in the Berkine Basin and 4 

overcompacted sediments in the Illizi Basin (Dixon et al., 2010).   5 

Sonic compaction analyses of 28 wells across a 100 km2 [39 mi2] area around the 6 

Ordovician field were carried out for the Frasnian and Tournaisian organic-lean shales. 7 

Correlatable shale intervals were selected according to spectral gamma-ray curves to avoid 8 

organic-rich intervals, which have anomalously low velocities. The Silurian shales were removed 9 

from this analysis due to overall lower velocities related to elevated organic content. The average 10 

apparent exhumation of each interval was calculated per well using a reference compaction curve 11 

derived for sediments with >50% clay content (2 µm size) (C40 reference curve; Dixon et al., 12 

2010; Fig. 6A). Results indicate that all shale zones are overcompacted compared to their present 13 

depth and that the southern part of the field (Well G) is more overcompacted than the northern 14 

part (Well A) indicating greater burial depth in the south. An apparent exhumation magnitude 15 

grid derived from the wells and reference curve (Fig. 6B) was added to the present-day Top 16 

Ordovician depth grid (Fig. 6C) to calculate the maximum burial depth across the field (Fig. 6D). 17 

This map illustrates that at maximum burial, the present-day structure was situated on the flank 18 

of a much larger paleostructure with its crest located to the north. Using this method, the Top 19 

Ordovician is estimated to have reached a maximum depth of ~2.8-2.9 km [9186-9514 ft] in the 20 

north (Well A) compared to ~3.1-3.2 km [10,171-10,499 ft] in the south (Well G). Although 21 

there is uncertainty associated with the absolute magnitude of apparent exhumation because it 22 

depends on the shale reference curve used, the relative compaction differences of 0.2-0.4 km 23 

[656-1312 ft] observed across the field are consistent in both shale zones analyzed, and is 24 

consistent with a north–south gradient observed in other datasets.  25 

Thermal Maturity 26 

New thermal maturity data from the study area include vitrinite reflectance (Ro%), solid 27 

bitumen and chitinozoan reflectance, and Rock-Eval pyrolysis data from 7 wells on the structure 28 

(Tables 2 and 3). Solid bitumen reflectance was converted to Ro% equivalent using the 29 

relationship from Schoenherr et al. (2007), which is based on a morphology-derived system of 30 
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solid bitumen reflectance from Jacob (1989) and Landis and Castano (1995). However, solid 1 

bitumen reflectance can be variable (Suárez-Ruiz et al., 2012), and these data were cross-2 

referenced with other thermal indicators (e.g., Rock-Eval pyrolysis, fluid inclusion data) to check 3 

for consistency. The chitinozoan reflectance was converted to Ro% equivalent using a 4 

relationship from Alpern (1970). Graptolite reflectance data were not available for this study. 5 

Rock-Eval pyrolysis data were screened according to published criteria (Peters and Cassa, 1994; 6 

English et al., 2015) and converted from Tmax to Ro% equivalent (Jarvie et al., 2001; Peters et al., 7 

2005).  8 

The results indicate that the thermal maturity of the Ordovician to Carboniferous 9 

sequence is elevated in every well compared to what would be predicted due to the deposition of 10 

the preserved stratigraphy alone (i.e., the default maturity profile; Fig. 7A). The Silurian source 11 

rock in the northern field area has reached the wet gas window (~1.0-1.1 Ro%), whereas the 12 

south has reached the wet to dry gas window (~1.2-1.3 Ro%). Measured Ordovician reservoir 13 

temperatures from 10 wells across the field indicate an average present-day geothermal gradient 14 

of 38°C/km [2.1°F/100 ft] (range 36-41°C/km [2.0-2.2°F/100 ft]) assuming an annual surface 15 

temperature of 22°C [72°F] recorded from southern Algerian weather stations. The resulting 16 

average modelled present-day basal heat flow is 65 mW/m2, which is consistent with other 17 

estimations of heat flow in the region (60-100 mW/m2; Lesquer et al., 1990). The maturity data 18 

were converted into paleotemperature estimates using Easy%Ro (Sweeney and Burnham, 1990) 19 

and an assumed heating rate of 1°C/Myr, which is considered to be broadly representative of the 20 

Paleozoic phase of burial in the basin. These indicative peak paleotemperatures were then plotted 21 

against depth (Fig. 7B). Converted paleotemperature estimates from Wells A, E and H indicate 22 

paleogeothermal gradients during maximum burial in the region of 37°C/km [2.0°F/100 ft] (Fig. 23 

7B), which is very similar to the present-day geothermal gradient. In addition to the thermal 24 

maturity data, the estimated peak paleogeothermal gradient provides a good fit to modal 25 

homogenization temperatures measured in fluid inclusions in Upper Ordovician sandstones, and 26 

to the Namurian peak temperature estimates derived from apatite fission-track data (Fig. 7B). 27 

The Carboniferous maturity measurements (and associated peak temperature estimates) are 28 

slightly elevated compared to the deeper horizons. This may be due to the recycling of older 29 

material or due to natural variation in the characteristics of the macerals. In any case, the lower 30 
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peak temperature estimates derived from the Carboniferous apatite fission-track data (discussed 1 

below) are more in line with paleotemperature trends extrapolated from the deeper horizons.   2 

When the lower Silurian thermal maturity data are superimposed on the sonic 3 

compaction-derived Top Ordovician maximum burial map (Fig. 8), both datasets indicate 4 

increased maximum burial to the south. Assuming a surface temperature of 24°C [75°F] and a 5 

paleogeothermal gradient of 37°C/km [2.0°F/100 ft] during the time of maximum burial (early 6 

Eocene), the estimated maximum burial depth of ~2.9 km [9514 ft] for Well A (Fig. 6D) 7 

corresponds to a maximum temperature of 131°C [268°F], and the estimated maximum burial 8 

depth of ~3.2 km [10,499 ft] for Well G (Fig. 6D) corresponds to a maximum temperature of 9 

142°C [288°F].  10 

Fluid Inclusion Microthermometry  11 

Fluid inclusions are widely used in thermal history, diagenetic and petrographic studies to 12 

characterize temperature, salinity and oil gravity of trapped liquid and/or vapour (Roedder, 1984; 13 

Walderhaug, 1994; Goldstein, 2001; Blanchet et al., 2003). Fluid inclusion data for 879 14 

inclusions were collected from 39 Ordovician Unit IV core plugs across seven wells in the field. 15 

The homogenization temperature (Th) of each inclusion was optically determined by 16 

incrementally heating a polished thin-section containing the inclusion until a vapour bubble 17 

dissipated into the inclusion (Walderhaug, 1994; Goldstein and Reynolds, 1994). The salinity of 18 

the aqueous inclusions can be estimated by freezing the sample and recording the temperature of 19 

the final disappearance of solid during subsequent melting (Bodnar, 1993). The equivalent 20 

salinity (wt.%) can then be calculated from the ice-melting temperature (Oakes et al., 1990).  21 

Low-Salinity Aqueous Inclusions 22 

Within the dataset, 88% of inclusions were classified as primary, and 12% as secondary. 23 

Both aqueous and oil inclusions were found along quartz grain boundaries and within quartz 24 

overgrowths (primary inclusions), and in healed microfractures (secondary inclusions). Based on 25 

homogenization temperatures, the earliest primary aqueous inclusions formed at 95°C [203°F], 26 

which is typical for the onset of quartz cementation (Lander and Walderhaug, 1999; Walderhaug, 27 

2000). Modal homogenization temperatures from the Upper Ordovician are 135-145°C [275-28 

293°F] in Well A, and higher in Well G at 140-155°C [284-311°F] (Fig. 9). Both are consistent 29 
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with thermal maturity measurements and sonic compaction data, which indicate deeper burial in 1 

the southern part of the field (Fig. 8). The salinity of the primary inclusions at these modal 2 

homogenization temperatures ranges between 4-8 wt.%, and represents most of the dataset (93% 3 

in Well A and 71% in Well G). This family of relatively “low” salinity aqueous inclusions 4 

records quartz cementation from 95°C [203°F] up to peak temperatures of 135-155°C [275-5 

311°F] (Figs. 9A and 9C) and are interpreted to represent burial phases. 6 

Low-Temperature High-Salinity Aqueous Inclusions 7 

A second group of primary inclusions observed in the wells has dramatically higher 8 

salinity (18-25 wt.%), and cooler modal homogenization temperatures of 90-120°C [194-248°F] 9 

(Figs. 9B and 9E). A poorly represented intermediate-salinity group (9-16 wt.%) is only 7% of 10 

the dataset and may represent a transitional phase between the two main groups (Fig. 9D). The 11 

secondary inclusions (12% of entire dataset) (Fig. 9G) are dominantly oil inclusions (83%) co-12 

occurring with high-salinity (>14 wt.%) aqueous inclusions formed at cooler temperatures, (Th = 13 

103-130°C [217-266°F]), indicating that they are associated with the lower-temperature high-14 

salinity phase. The high-salinity aqueous inclusions are interpreted to post-date the low-salinity 15 

aqueous inclusions because: (a) the high-salinity inclusions are not observed to coincide with 16 

maximum burial temperatures; (b) healed microfractures containing high-salinity secondary 17 

inclusions crosscut both the quartz overgrowths and grain boundaries containing low-salinity 18 

inclusions (Fig. 10); (c) the high-salinity aqueous inclusions are closer in composition to the 19 

present-day Ordovician formation water (~16 wt.%); and (d) the salinity of primary aqueous 20 

inclusions trapped in late-stage barite cement (18-19 wt.%) in Well A yields homogenization 21 

temperatures of 98-115°C [208-239°F], which are similar to the present-day reservoir 22 

temperature (~95°C [203°F]). The barite cement is interpreted to have precipitated after cooling 23 

from maximum burial depth and temperature. 24 

Oil Inclusions 25 

The gravity of oil inclusions ranges from 33-46° API in the wells. In Well A, single-phase 26 

oils close to full gas saturation, determined by the similarity of Th aqueous and Th oil (Munz, 27 

2001), occur in primary inclusions in quartz overgrowth cements. These single-phase oil 28 

inclusions in Well A have an average oil gravity of 37.5° API and are associated with low-29 
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salinity aqueous inclusions with high temperatures (average Th Aq = 149°C ± 2°C [300°F ± 4°F] 1 

and Th Oil = 150°C ± 9°C [301°F ± 16°F]; Fig. 9F). This suggests a minor ~15 m [49 ft] paleo-oil 2 

column, restricted to a local ~1 km2 [0.4 mi2] paleo-closure, was present at this well location 3 

during maximum burial. Secondary oil inclusions in healed microfractures crossing quartz grains 4 

and overgrowths are often associated with high-salinity aqueous inclusions with cooler 5 

homogenization temperatures (Fig. 9G), and may be related to re-migration of oil during 6 

exhumation. Primary petroleum inclusions in the late barite cement in Well A contain phase-7 

separated oil and gas indicating that both were present in the pore system when barite 8 

precipitation occurred during or after exhumation. These phase-separated oil inclusions are 9 

characterized by an oil gravity of 46° API and homogenization temperatures that are similar to 10 

the present-day reservoir conditions (Fig. 9F). This implies that the small paleo-column with 11 

37.5° API oil at maximum temperatures (Th Aq (Ave) = 149°C ± 2°C [300°F ± 4°F]) was displaced 12 

by a two-phase accumulation during barite precipitation (Th Aq (Ave) = 104°C ± 6°C [219°F ± 13 

10°F]). Since no moveable oil has been encountered in the study area, any minor paleo-oil 14 

accumulations are interpreted to have been flushed by gas during or after exhumation. In 15 

summary, the fluid inclusion data clearly indicates hotter burial temperatures in the past (modal 16 

peak temperatures of 135-155°C [275-311°F] versus present-day reservoir temperatures of 17 

~95°C [203°F]), as well as higher modal temperatures in the southern region compared to the 18 

north. These results are consistent with the maximum burial and temperature estimates 19 

independently derived from the sonic compaction and other maturity data. The record of single-20 

phase oil inclusions at maximum burial temperatures versus phase-separated oil and gas 21 

inclusions at lower temperatures may indicate that phase separation of existing petroleum was an 22 

important process during exhumation. Additionally, the significant change in salinity records a 23 

notable basinal fluid flow event possibly triggered by exhumation (English et al., in review B).  24 

Apatite Fission-Track Data 25 

Apatite fission-track analysis uses the rate of radioactive decay of uranium and the length 26 

and density of damage trails (fission-tracks) in the apatite mineral lattice to constrain the 27 

maximum paleotemperature of the grains, and the timing of the last major cooling event 28 

(Fleischer et al., 1975; Wagner and Van den Haute, 1992; Green and Duddy, 2012). Apatites 29 

were extracted from Well A cuttings ranging in age from Namurian to Ordovician. The complete 30 
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dataset and interpretation of different alternative models was discussed by English et al. (in 1 

review A), and only the highlights of the preferred thermal history model will be presented here. 2 

The measured apatite fission-track ages for all samples are younger than the depositional ages, 3 

indicating that the entire preserved stratigraphic sequence was subjected to some degree of 4 

fission-track annealing in the past. The default fission-track age profile illustrates the fission-5 

track ages modelled in HeFTy (Ehlers et al., 2005) for apatites with 0.1 wt.% chlorine content, 6 

assuming no additional burial beyond present-day depths (Fig. 11). This default profile shows a 7 

major decrease in fission-track age between present-day temperatures of 60°C [140°F] and 80°C 8 

[176°F] due to increased annealing. Total annealing is expected at temperatures above ~100°C 9 

[212°F] for apatites of this composition. By comparison, the measured fission-track ages on 10 

grains with variable chlorine content are routinely younger than the default profile, which is 11 

consistent with the interpretation of hotter temperatures and deeper burial in the past. The 12 

Ordovician-Devonian samples are interpreted to have been totally annealed in the past and all 13 

apatite grains are dominated by Eocene and younger fission-track ages (English et al., in review 14 

A). The shallower Carboniferous samples reached lower peak temperatures and have only been 15 

partially annealed in the past. The actual fission-track ages for the shallower samples bear no 16 

relation to any specific cooling event; the fission-track age itself only dates a cooling event if the 17 

samples cooled rapidly through the partial annealing zone. Inverse modelling of the fission-track 18 

ages and track length data for the Namurian sample using HeFTy provided a best-fit model with 19 

the onset of cooling from peak temperature during the Eocene (English et al., in review A). The 20 

results of the inverse modelling suggest that the most likely Cenozoic peak temperature for the 21 

Namurian sample was in the 60-75°C [140-167°F] range (i.e., 30-45°C [54-81°F] hotter than 22 

present-day temperatures). Marginally higher peak temperatures (+5-10°C [9-18°F]) are allowed 23 

by the Namurian fission-track data if maximum temperature occurred during the Jurassic or 24 

Cretaceous (English et al., in review A), and was followed by a significant cooling event, but 25 

there is no strong geological evidence to support a major Mesozoic exhumation event at this 26 

locality (e.g., see cross-sections across Tin Fouyé Tabankort in Chiarelli, 1978; Boote, 2013). In 27 

Well A, the best-fit thermal history model for the Namurian sample allows for the Top 28 

Ordovician reservoir temperature to reach 140°C [284°F] at maximum burial prior to Cenozoic 29 

cooling to ~95°C [203°F] present-day (English et al., in review A). Therefore, the apatite fission-30 
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track dataset provides independent support for estimates of maximum burial depth and 1 

temperature based on the sonic compaction, thermal maturity and fluid inclusion studies, and 2 

additionally provides constraints on the timing of the last major exhumation event.  3 

 4 

RECONSTRUCTING MISSING STRATIGRAPHY  5 

As petroleum systems modelling of a sedimentary basin requires the complete 6 

depositional and erosional history, it is necessary to fill in any gaps in the preserved stratigraphic 7 

record. The rationale behind the assumptions of missing stratigraphy are discussed below.  8 

Eroded Paleozoic (Pre-Hercynian) Stratigraphy 9 

The Hercynian subcrop pattern, beneath younger Mesozoic cover, is well documented 10 

across the Illizi-Berkine region (Galeazzi et al., 2010), showing a broadly W-E erosional gradient 11 

dominated by the unroofing of the Amguid–El Biod–Hassi Messaoud ridge to the west (Figs. 2 12 

and 4A). In contrast, the Cenozoic exhumation was dominated by uplift of the Hoggar Massif to 13 

the south, superimposing a later N-S erosional gradient across the Illizi Basin (Galeazzi et al., 14 

2010; English et al., in review A; Figs. 2 and 4B). The maximum preserved Carboniferous 15 

section in the eastern Illizi Basin is ~1.3-1.4 km [4265-4593 ft] thick (Chaouchi et al., 1998; 16 

Galeazzi et al., 2010), providing a minimum pre-erosion estimate of Carboniferous thickness. 17 

The preserved Carboniferous in Well A is ~890 m [2920 ft] thick with Westphalian-Namurian 18 

strata at the surface, while the younger Westphalian to Stephanian section is now absent. 19 

Paleozoic sedimentation may have continued into the Early Permian as indicated by lagoonal 20 

sediments of Stephanian-Autunian age that are described in the Oued Mya Basin (Lefranc and 21 

Guiraud, 1990). Hercynian exhumation is assumed to have begun at 286 Ma in the Permian in 22 

this study (Yahi et al., 2001).  23 

One uncertainty with respect to the burial history reconstruction is how much of the 24 

missing Carboniferous and Permian section was eroded during the Hercynian event and how 25 

much was eroded during later Cenozoic exhumation. The Hercynian unconformity crops out 26 

approximately 17 km [10.6 mi] to the north of Well A (Fig. 2) and dips an average of ~0.4-0.8 27 

degrees in a northerly direction into the central Illizi Basin region (Fig. 4B). When the Hercynian 28 

unconformity is projected southward over the Well A location, the thickness below this plane 29 
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suggests that ~200-300 m [656-984 ft] of Carboniferous stratigraphy was preserved after 1 

Hercynian exhumation, but eroded later in the Cenozoic. The preserved and eroded thicknesses 2 

of the Paleozoic strata increase southward to Well G, which was deeper off the flank of the 3 

Paleozoic paleohigh. Total estimated missing Carboniferous and Permian stratigraphy for Well A 4 

and Well G is summarized in Table 4 based on regional data and model iterations to achieve the 5 

best-fit of the data. 6 

Eroded Mesozoic and Cenozoic (Post-Hercynian) Stratigraphy 7 

The Mesozoic and Cenozoic depositional history of the study area was reconstructed 8 

using well data, surface geology maps (Yarmolyuk and Kuznetsov, 1977; Choubert and Faure-9 

Muret, 1990) and publications (Lefranc and Guiraud, 1990; Yahi et al., 2001; Rossi et al., 2002; 10 

Dixon et al., 2010; Galeazzi et al., 2010; Boote, 2013; Table 4). Following the Hercynian event, 11 

a Triassic salt basin formed in the northern portion of the Berkine and Oued Mya basins during 12 

Triassic-Liassic extension, followed by progressive shoreline migration southward during the 13 

Late Mesozoic (e.g., Galeazzi et al., 2010). Triassic continental deposits in the Berkine Basin 14 

originated from Hercynian uplifts, such as the El Biod and Dahar highs (Echikh, 1998; Figs. 2 15 

and 5). The southern pinch-out of Triassic sandstone is 120-190 km [75-118 mi] north of the 16 

study area (between 29°-30° latitude, Galeazzi et al., 2010; Fig. 4B), while Triassic-Jurassic 17 

fluvial-lacustrine deposits also crop out 40-50 km [25-31 mi] east of Well A (Choubert and 18 

Faure-Muret, 1990), showing progressive onlap westward toward the study area (English et al., 19 

in review A). Based on these observations, post-Hercynian deposition is assumed to have 20 

resumed in the study area during the Middle Jurassic (see Fig. 4B), and the Triassic to Lower 21 

Jurassic is interpreted to be a period of non-deposition or bypass. 22 

 Following inundation during the Middle Jurassic, the study area is assumed to have been 23 

a site of extensive Mesozoic–early Cenozoic deposition interrupted only by the relatively minor 24 

Austrian tectonic event (Galeazzi et al., 2010). The magnitude and timing of additional burial 25 

was calibrated to stratigraphic observations in the Berkine Basin and to thermal maturity and 26 

apatite fission-track data. Previous interpretations have considered that the Hoggar Massif, south 27 

of the Illizi Basin, remained an exposed topographic high from the time of the Hercynian 28 

orogeny until present-day (Fabre, 1976; Guiraud et al., 2005; Liégeois et al., 2005). However, 29 

remnants of Jurassic to Cretaceous sediments are widely preserved on the flanks of the uplifted 30 
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Hoggar Massif (Bordet, 1954; LeFranc and Guiraud, 1990; Busson et al., 1999; Philippe et al., 1 

2003b) and recent thermochronometric data from the Hoggar (Rougier et al., 2013) suggest that 2 

Cretaceous to Paleocene strata may have covered a large part of this region prior to Eocene uplift 3 

and exhumation (English et al., in review A).  4 

Middle to Late Mesozoic subsidence in the North African platform was punctuated by 5 

transpressional deformation along pre-existing north–south trending structures, such as the 6 

Amguid-El Biod trend (Galeazzi et al., 2010; Figs. 1 and 2), during the Late Neocomian-Middle 7 

Aptian Austrian event (Fig. 3). The significance of this event within more internal parts of the 8 

Illizi Basin is less defined and only a relatively minor associated unconformity is observed at Tin 9 

Fouyé Tabankort (Chiarelli, 1978; Boote, 2013), 70 km [43 mi] north-northwest of the study area 10 

(Fig. 1). A minor amount of Mid-Aptian (Austrian) exhumation is included in the burial history 11 

models to account for this unconformity (Table 4). Based on the apatite fission-track data from 12 

Well A, and extensive regional thermochronometric data, maximum burial in the study area is 13 

interpreted to have occurred during the early Eocene before major exhumation associated with 14 

uplift of the Hoggar Massif (English et al., in review A).  15 

 16 

INTEGRATED 1D BURIAL HISTORY MODELS  17 

Well-based 1D (one-dimensional) burial history modelling was carried out using Genesis 18 

(Zetaware) to constrain the thermal history of the field and the timing of hydrocarbon generation 19 

from the overlying lower Silurian source rock. Wells A and G were selected as representative of 20 

the northern and southern parts of the field. The wells were divided into 58 stratigraphic and 21 

erosional events (Table 4). As outlined in the previous section, regional stratigraphic 22 

observations were incorporated to help reconstruct the eroded stratigraphy, and the 1D models 23 

were calibrated to available thermal maturity and apatite fission-track data.  24 

Boundary Conditions 25 

Paleosurface temperatures were derived from paleolatitude reconstructions (Wygrala, 26 

1989; Underdown, 2006) and paleobathymetric inputs were modified from previous Berkine 27 

Basin studies (Yahi et al., 2001) to delay the onset of flooding in the study area until the Middle 28 

Jurassic. Heat flow from base of the sediment column was specified in the model, and the 29 
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geothermal gradient varied through time according to lithology, conductivity and burial rate. The 1 

petrophysical properties for each of the different lithologies are listed in Table 5. As discussed in 2 

the thermal maturity section, an average present-day basal heat flow (65 mW/m2) was calculated 3 

for the field based on modern temperature data from the wells. This basal heat flow was held 4 

constant through time in the 1D models due to: (a) lack of evidence for a major rifting event in 5 

the region (Fig. 4), and (b) similar magnitudes of the present-day geothermal gradient and the 6 

estimated paleogeothermal gradient during maximum burial (Fig. 7B). Although it is unlikely 7 

that basal heat flow remained constant throughout this time, none of the datasets used for 8 

calibration required a variable heat flow model.    9 

Simulation Results 10 

The 1D modelling indicates that elevated peak temperatures compared to present-day are 11 

required to achieve a best-fit for all the datasets. In Well A, maximum paleotemperature was 12 

modelled at ~140°C [284°F] for the Upper Ordovician reservoir and the basal Silurian source 13 

rock with a maximum burial depth of 2.95 km [9678 ft] during the early Eocene (Fig. 12A).  14 

This thermal history model provided a reasonable fit to available apatite fission-track for Well A 15 

(Fig. 11), as well as good agreement with the maximum paleotemperatures estimated from the 16 

thermal maturity and fluid inclusion data. 17 

The Well G model in the southern part of the field requires deeper burial (~3.37 km 18 

[11,056 ft]), hotter maximum paleotemperatures (~156°C [313°F]), and more Cenozoic 19 

exhumation compared to the Well A model (Fig. 12B). The main differences between the 20 

northern Well A and the southern Well G burial history models are as follows:    21 

 The sonic compaction analysis indicates that Well G was buried ~400 m [1312 ft] deeper 22 

than Well A. About 215 m [705 ft] of this additional burial can be ascribed to southward 23 

thickening of the preserved stratigraphic section (43 m [141 ft], 85 m [279 ft], and 86 m 24 

[282 ft] in the Silurian, Devonian and Carboniferous, respectively). The eroded 25 

Carboniferous stratigraphy is assumed to thicken from Well A to Well G in the same 26 

proportion as the preserved Carboniferous section.  27 
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 Hercynian erosion was estimated to be 50 m [164 ft] less in Well G compared to Well A 1 

(Table 4) based on the Hercynian subcrop pattern, which indicates increasing Hercynian 2 

exhumation in a north-westward direction (Fig. 2).  3 

 An additional ~100 m [328 ft] of post-Hercynian strata was input at Well G to achieve a 4 

better fit to the thermal maturity data and hotter modal fluid inclusion temperatures. This 5 

additional section was assigned to the Lower Cretaceous because the Neocomian-Albian 6 

section is observed to thicken toward the west of the basin (Fig. 4A).  7 

 The magnitude of Cenozoic exhumation is higher in Well G (~1.4 km [4593 ft]) than 8 

Well A (~1.0 km [3281 ft]). This is consistent with the regional interpretation of 9 

increasing Cenozoic exhumation southwards toward the Hoggar Massif (Figs. 2 and 4B; 10 

English et al., in review A). 11 

The final models result in ~16°C [29°F] difference in maximum paleotemperature 12 

between the north (Well A) and south (Well G) (Fig. 13) at 140°C [284°F] and 156°C [313°F] 13 

respectively. It is noteworthy that the maximum pre-Hercynian paleotemperatures reached in the 14 

Carboniferous (Well A = 137°C [279°F]; Well G = 145°C [293°F]) are very close to the 15 

maximum paleotemperatures modelled in the early Eocene. While the apatite fission-track data 16 

for Well A require the onset of significant cooling in the Eocene, maximum paleotemperatures 17 

may have occurred during the Carboniferous-Permian in other parts of the Illizi Basin where 18 

thicker Paleozoic and thinner Mesozoic sections were deposited (e.g., Tissot et al., 1987). 19 

Timing of Hydrocarbon Generation and Expulsion 20 

In the Illizi Basin, the basal Silurian source rock is characterized by oil-prone marine 21 

Type II kerogen (e.g., Cole et al., 2000) with a present-day TOC (total organic carbon) content 22 

ranging from 2-14 wt.% (Table 3). As these samples had reached the late oil to early gas 23 

window, the original TOC content for the source rock must have been much higher. Source rock 24 

kinetic parameters have been measured on immature Silurian samples from the Berkine Basin in 25 

Algeria (Makhous et al., 1997). The mean activation energy reported by Makhous et al. (1997) is 26 

typical of other Type II marine source rocks (organofacies B, Pepper and Corvi, 1995; Devonian-27 

Mississippian Woodford shale, Arbuckle Mountains, Oklahoma, Lewan and Ruble, 2002). 28 

Source rock modelling was carried out using Kinex v.4.7 and Genesis v. 5.5, using parameters 29 
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listed in Table 6. Hydrocarbon generation and expulsion from the Silurian source rock began 1 

during the Carboniferous (Fig. 14). Just prior to the Hercynian exhumation event, the Silurian 2 

source rock reached paleotemperatures of ~137°C [279°F] and ~145°C [293°F] in Well A and 3 

Well G, with respective transformation ratios of ~80% and ~87%. These models indicate that a 4 

significant proportion of the generative potential of the Silurian source rock was expelled prior to 5 

the Hercynian event, although lower basal heat flow assumptions during the Paleozoic would 6 

result in greater retention of the source rock generative potential. The hydrocarbon generation 7 

system was subsequently switched off due to Hercynian exhumation and cooling. Post-8 

Hercynian reburial reinitiated hydrocarbon generation and expulsion during the Cretaceous and 9 

Paleocene before the last major exhumation event initiated in the Eocene (Fig. 14). The present-10 

day transformation ratio of the Silurian source rock is estimated around 90% at Well A and 95% 11 

at Well G. These modelled transformation ratios are consistent with estimates of ~90-93% 12 

interpreted from available Rock-Eval pyrolysis data on lower Silurian core samples (Table 3; 13 

formula from Jarvie et al., 2007). 14 

 15 

DISCUSSION 16 

Relative Timing of Trap Formation and Petroleum Charge 17 

The Ordovician field in the study area is located on the southern flank of a long-lived 18 

regional Paleozoic high, herein termed the Isarene high. This paleohigh was present at the end of 19 

the Late Ordovician glaciation as evidenced by basal Silurian onlap patterns (Fig. 5B), and the 20 

gross Silurian isopach (Fig. 5A). Sonic overcompaction maps (Fig. 6) and thermal maturity data 21 

(Fig. 8) both indicate that this regional paleohigh persisted in the subsurface with a similar 22 

geometry until maximum burial in the early Eocene. Some minor eastward tilting may have 23 

occurred during the Hercynian event (Fig. 2). Major basin-scale exhumation during the Middle 24 

Cretaceous Austrian event is discounted for reasons stated previously, although Austrian 25 

deformation is locally significant on major pre-existing structures – particularly along the 26 

western basin margin (i.e., Amguid-El Biod trend). It is noteworthy that local small-scale 27 

structural closures superimposed on the regional paleohigh may have been charged with oil prior 28 

to maximum burial (e.g., single-phase oil inclusions in Well A). The major northward tilting of 29 
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the Illizi Basin in response to the uplift of the Hoggar Massif to the south resulted in the 1 

reconfiguration of the structural nose (Fig. 6D), creating the four-way dip closure observed 2 

present-day (Fig. 6C).  3 

Independent assessment of the timing of trap formation can be established by reversing 4 

the average northward Eocene tilt of 0.6° in this area to reconstruct the maximum burial 5 

geometry. Applying this tilt to the present-day Top Ordovician structure map results in a 6 

structural geometry that is very similar to the maximum burial map derived from the sonic 7 

overcompaction study (Fig. 15). This observation provides confidence that the study area was 8 

located on the southern flank of a regional paleostructure that persisted from the Paleozoic (Fig. 9 

5) to early Eocene time (Fig. 15), and that the broad low-relief four-way structural closure that 10 

defines the present-day petroleum trap formed during Eocene-Miocene uplift and exhumation of 11 

the Illizi Basin. As most of the hydrocarbon generation and expulsion at this location occurred in 12 

the Carboniferous and Cretaceous-Paleocene (Fig. 14), it is also clear that the timing of trap 13 

formation post-dates the primary hydrocarbon generation events in the Illizi Basin (Fig. 16).  14 

 15 

Possible Charge Mechanisms for the Ordovician Field 16 

Conventional wisdom dictates that hydrocarbon charge effectively shuts off once the 17 

source rocks have been uplifted and cooled from their peak burial depths and temperatures. 18 

Although low-level kinetic generation may continue during the initial cooling phase, the 19 

magnitude of Eocene exhumation and cooling in the Illizi Basin resulted in a cessation of 20 

petroleum generation in the study area (Fig. 14). Therefore, alternative models are required to 21 

explain the post-exhumation gas-condensate charge of this Ordovician field. Doré et al. (2002) 22 

reviewed charge processes associated with exhumed sedimentary basins, and concluded that 23 

post-exhumation charging of traps can only occur via the redistribution of hydrocarbons already 24 

existing within the basin, unless the exhumed basin is on a long-distance hydrocarbon migration 25 

route from an adjacent continuously subsiding basin. Four different charging mechanisms for 26 

exhumed basins are discussed here: (1) long-distance migration from an adjacent unexhumed 27 

basin; (2) tertiary migration; (3) phase separation and gas expansion; and (4) exhumation charge. 28 
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Any or all of these mechanisms may have contributed to charging the Ordovician field in the 1 

study area. 2 

Long-Distance Migration from an Adjacent Unexhumed Basin 3 

The Illizi Basin is separated from the Berkine Basin to the north by the buried axis of the 4 

long-lived Ahara high (Galeazzi et al., 2010). While Cenozoic exhumation occurred across the 5 

Illizi Basin, the magnitude of this exhumation event decreases northward into the Berkine Basin, 6 

and is minimal in the main depocenter where a largely complete Mesozoic-Cenozoic section is 7 

preserved (Fig. 4B). Previous basin modelling studies of the Berkine Basin (Yahi et al., 2001; 8 

Underdown and Redfern, 2008) indicate that the lower Silurian source rock in the central 9 

Berkine Basin reached maximum generative potential during pre-Hercynian burial (TR = 0.9-10 

1.0), and is largely overmature today. Hence, present-day, long-distance, southward migration 11 

from the unexhumed central portion of the Berkine Basin is not a likely mechanism for charging 12 

post-exhumation traps in the Illizi Basin. 13 

However, Daniels and Emme (1995) observed that the thermal maturity of the lower 14 

Silurian shale decreases toward the flanks of the Berkine Basin, and over the Ahara high itself 15 

(from <1.1 to 1.3 Ro%), and this is likely due to pronounced thinning of the Paleozoic section 16 

over this region (Fig. 4B). This level of peak thermal maturity broadly equates to the onset of 17 

wet gas generation (Daniels and Emme, 1995), similar to the observed maturity within the study 18 

area (Fig. 8), and, therefore, this region around the Ahara high is a potential candidate for 19 

actively charging the Ordovician gas-condensate fields in the Illizi Basin further south. The 20 

hydrocarbon generation model from this study (Fig. 14) indicates that Cenozoic exhumation 21 

effectively shut-off active generation and expulsion within the Illizi Basin itself. This is also 22 

probably the case on the southern flank of the Ahara high where Turonian and older strata crop 23 

out at the surface. However, the magnitude of exhumation is expected to decrease toward the 24 

northern flank of the Ahara high, on the southern margin of the Berkine Basin (Fig. 4B). Up to 25 

600 m [1969 ft] of Senonian strata were deposited in the central Berkine Basin (Yahi et al., 2001; 26 

Rossi et al., 2002), while only ~150 m [492 ft] of basal Senonian strata are preserved on the 27 

northern part of the Ahara high. Although the full Senonian sequence of the Berkine Basin may 28 

have originally thinned southward onto the Ahara high, it does suggest the potential for up to 450 29 

m [1476 ft] of exhumation on the northern flank of the Ahara high. Sensitivity analysis on Well 30 
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A indicates that approximately 300 m [984 ft] of exhumation or greater is sufficient to 1 

significantly reduce subsequent gas and oil generation and expulsion (Fig. 17). However, since 2 

modelling has not been conducted on this region specifically, we cannot rule out the possibility 3 

that there is a narrow band along the northern flank of the Ahara high, on the southern margin of 4 

the Berkine Basin, where wet gas generation and expulsion may be occurring, and potentially 5 

contributing, via southward long-distance migration, to the recent charging of the Ordovician 6 

gas-condensate fields in the Illizi Basin. A regional 3D basin model would be required to more 7 

rigourously test this hypothesis. 8 

Tertiary Migration 9 

Tertiary migration (remigration) of petroleum fluids within sedimentary basins may occur 10 

during exhumation due to basin tilting, trap modification, seal failure, or reconfiguration of 11 

hydrodynamic gradients. The fluid inclusion data from the Ordovician sandstone in the field area 12 

records the presence of low-salinity formation water at maximum burial conditions, followed by 13 

high-salinity formation water at lower temperatures (Fig. 9). We interpret that these high-salinity 14 

fluids migrated into the field area during or after Eocene exhumation as they are not associated 15 

with maximum paleotemperatures, and are the closest match to the present-day formation water 16 

salinities in the field.  17 

The present-day formation water in the field is characterized as CaCl2 formation water 18 

with low SO4 and HCO3, and low Cl/Br and Na/Br ratios (English et al., in review B). This type 19 

of water is often associated with the progressive evaporation of seawater beyond the point of 20 

halite precipitation (Rittenhouse, 1967; Carpenter, 1978; Walter et al., 1990;  Hanor, 1994; 21 

Kesler et al., 1995). Therefore, one possible origin for these high-salinity formation waters is the 22 

Triassic-Lower Jurassic evaporitic sequences found present-day in the Berkine Basin (Chiarelli, 23 

1978; Turner and Sherif, 2007; English et al., in review B). In regions where the Hercynian 24 

unconformity cuts deeply into the Paleozoic, such as the Hassi Messaoud ridge (Fig. 2), 25 

Mesozoic rocks were deposited directly on the Cambro-Ordovician sequence (e.g., Zeroug et al., 26 

2007; Galeazzi et al., 2010). Hence, the residual high-salinity brines from Mesozoic evaporitic 27 

formations may have infiltrated the Ordovician section via subcrop juxtaposition along the 28 

Hercynian unconformity at these locations (English et al., in review B) as a result of density-29 



25 

 

driven brine reflux that can penetrate deeply into a sedimentary column  (e.g., Bein and Dutton, 1 

1993; Ceriani et al., 2002).  2 

The flux of formation waters over long distances into the Illizi Basin during, or after, 3 

Eocene exhumation suggests that long-distance remigration of pre-existing hydrocarbons within 4 

the Illizi and Berkine basins may also have occurred at this time. The low-temperature high-5 

salinity (>18 wt.%) inclusions are found only in primary barite and quartz cements (Figs. 9B and 6 

9E) in permeable sandstones (> 1 md), suggesting that formation water was mobile in the matrix 7 

pore system during this basin-wide flux. Additionally, low-temperature high-salinity secondary 8 

inclusions associated with oil inclusions (Fig. 9G) are dominantly found in healed microfractures 9 

in the lower-permeability sandstones and also provide evidence of hydrocarbon remigration 10 

during exhumation. This observation suggests that late-stage microfracturing, possibly linked to 11 

thermal contraction during cooling (English, 2012), may be important for providing permeable 12 

pathways in the tighter formations.  13 

Phase Separation and Gas Expansion 14 

Petroleum is likely to exist as a single phase at pressures and temperatures in excess of 28 15 

MPa [4061 psi] and 95°C [203°F], respectively (Katz, 1959). This is likely to have been the case 16 

at Well A, where single-phase oil inclusions, close to full gas saturation, are found in primary 17 

quartz overgrowth cements (Fig. 9F). We interpret that these primary oil inclusions record the 18 

presence of a minor ~15 m [49 ft] paleo-oil column close to maximum paleotemperatures at this 19 

location (Th = 147-151°C [297-304°F] in oil, and oil-associated aqueous inclusions). If the liquid 20 

phase is fully saturated with respect to gas (i.e., at bubble-point) at maximum burial, the oil will 21 

volumetrically shrink during exhumation as gas exsolves from the liquid phase (see discussion in 22 

English et al., 2016). Late-stage primary inclusions in barite cement in Well A, with phase-23 

separated oil and gas trapped at 98-115°C [208-239°F] (Figs. 9B and 9F), may provide evidence 24 

of this process in the study area. The expansion of the separated gaseous phase will lead to a net 25 

increase in hydrocarbon volume under the new pressure-temperature conditions, and gas may 26 

displace oil from existing traps and lead to remigration or hydrocarbon losses from the system. 27 

Any newly formed traps in an up-dip position in the basin may be charged during this late-stage 28 

flux of hydrocarbons. Additionally,  methane exsolution from formation water may also lead to 29 

significant gas volumes being released during exhumation (Doré et al, 2002), particularly in this 30 
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case, as methane solubility in the formation water is reduced due to decreased temperature and 1 

increased salinity. 2 

Exhumation Charge 3 

During exhumation, volumetric expansion of the gaseous phase drives incremental 4 

volumes of petroleum out of the source rock, as the interstitial pore pressure in the source rock 5 

re-equilibrates to the new post-exhumation pressure conditions (English et al., 2016). English et 6 

al. (2016) calculated that, for a gas-saturated source rock, the incremental volume of free gas 7 

migrated per 1 km2 [0.4 mi2] area, 1 m [3.3 ft] source rock thickness and 1% gas-filled porosity 8 

is 0.01 MMcm [0.35 MMcf] for each incremental unit decrease in the gas expansion factor 9 

(GEF) during exhumation. To estimate charge volumes for a gas case, we can assume an average 10 

lower Silurian source rock thickness of 10 m [33 ft] with 4% gas-filled porosity and that major 11 

exhumation occurred over an area of 75,000 km2 [28,958 mi2] in the Illizi Basin. Using the burial 12 

history model from this study as a guide, we can assume a peak pressure of 46 MPa [6672 psi] 13 

(14 kPa/m [0.62 psi/ft] overpressure at 3.3 km [10,827 ft] peak burial depth due to active 14 

petroleum generation) and a peak temperature of 160°C [320°F]. Typical present-day conditions 15 

can be taken as 19 MPa [2756 psi] pressure and a temperature of 90°C [194°F]. Taking a gas 16 

gravity of 0.7, we have a reduction in GEF from 265 at peak burial to 175 after exhumation. 17 

Using these inputs, we predict that the matrix pore system of the lower Silurian source rock 18 

should release 2.7 Tcm [95 Tcf] of gas due to pressure equilibration during and after the 19 

exhumation event. These incremental ‘exhumation charge’ volumes are likely to be mostly 20 

released into the underlying Ordovician or fault juxtaposed reservoirs. Traps in an up-dip 21 

position in the basin could be charged via this mechanism. 22 

 23 

CONCLUSIONS 24 

Analysis of the burial and thermal history of an Ordovician field in the Illizi Basin using 25 

new thermal maturity, apatite fission-track, fluid inclusion microthermometry, sonic velocity and 26 

biostratigraphic data provides independent, and consistent constraints on the temporal evolution 27 

of the structure. The following conclusions have been drawn: 28 
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(1) The preserved Paleozoic sequence in the study area experienced elevated temperatures in 1 

the past, initially due to burial prior to Hercynian exhumation and again during reburial in 2 

the Mesozoic and early Cenozoic.  3 

(2) The available data indicates that maximum burial most likely occurred in the early 4 

Eocene with estimated maximum burial depths for the top Ordovician ranging from 2.95 5 

km [9678 ft] in the northern part of the field (Well A) to 3.37 km [11,056 ft] in the 6 

southern part of the field (Well G). The corresponding estimates of maximum 7 

paleotemperature are 140°C [284°F] and 156°C [313°F] respectively.  8 

(3) The field is located on the southern flank of a long-lived regional paleotopographic high, 9 

which was present at least by early Silurian time. This paleostructure persisted in the 10 

subsurface throughout the Paleozoic and Mesozoic. Maximum burial occurred during the 11 

early Eocene, prior to uplift of the Hoggar Massif and northwards tilting of the Illizi 12 

Basin.  13 

(4) The Cenozoic exhumation event resulted in northward tilting of the paleostructural nose 14 

and the formation of the large present-day structural trap in the study area. The 15 

magnitude of exhumation increases southward with ~1.0 km [3281 ft] of exhumation in 16 

the north of the field (Well A) and ~1.4 km [4593 ft] in the south (Well G). 17 

(5) The lower Silurian source rocks initially began to generate oil in the Carboniferous, 18 

switching off during Hercynian exhumation before resuming generation in the Mesozoic 19 

following renewed subsidence. The lower Silurian source rock entered the gas window 20 

during the Late Cretaceous–early Eocene.  21 

(6) Trap formation in the study area post-dates the primary hydrocarbon generation events in 22 

the burial history models. The present-day gas-condensate accumulation is proposed to 23 

have been charged by one or a combination of: (a) long-distance migration from an area 24 

of active hydrocarbon generation on the southern margin of the Berkine Basin; (b) 25 

remigration of existing gas within the basin - possibly associated with the late-stage 26 

migration high-salinity formation waters; (c) phase-separation and gas expansion within 27 

exhumed pre-existing oil and gas accumulations, as supported by the presence of phase-28 

separated oil and associated gas in late-stage petroleum inclusions; and/or (d) late-stage 29 
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charge during the depressuring of the overlying source rocks during or after the 1 

exhumation event as demonstrated by modelling work in English et al. (2016).   2 

(7) Although play types where trap formation post-dates the main hydrocarbon generation 3 

and expulsion phase are typically downgraded in petroleum system risk analysis, this 4 

work supports a model in which up-dip traps on the flanks of exhumed petroliferous 5 

basins may be charged via re-distribution of pre-existing hydrocarbons within the basin.  6 

7 
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Figure 1: Location of the Illizi and Berkine basins in Algeria (modified from Turner et al., 10 

2001). The study area is highlighted in yellow with nearby Ordovician fields noted (Tin Fouyé 11 

Tabankort, Ohanet and In Amenas). 12 

Figure 2: Hercynian unconformity subcrop map (modified from Galeazzi et al., 2010). There is 13 

increased erosion of the Paleozoic section to the northwest of the Illizi and Berkine basins due to 14 

Hercynian uplift along the Amguid-El Biod-Hassi Messaoud axis. The surface trace of the 15 

Hercynian unconformity is marked by the red line. The Paleozoic sequence crops out south of 16 

this line, and is covered by younger rocks to the north of this line. Due to Cenozoic northward 17 

tilting of the basin, progressively older stratigraphy was exhumed and exposed to the south. The 18 

outcrop trace of the Eocene unconformity is marked according to the position on the cross-19 

section (Fig. 4B). The location of the study area is highlighted in yellow. 20 

Figure 3: Stratigraphic column of the Illizi and Berkine basins (adapted from Boudjema, 1987; 21 

Turner and Sherif, 2007; Dixon et al., 2010). The gas-condensate field in the study area 22 

comprises Upper Ordovician Unit IV sandstone reservoirs charged by overlying Silurian shale 23 

source rock. 24 

Figure 4: (A) West to east cross-section of the Illizi Basin showing extensive Hercynian erosion 25 

of the Paleozoic sequence on the Amguid-El Biod trend and the relatively complete Paleozoic 26 

sequence in the eastern Illizi Basin. Transect lines are shown on Figure 2. (B) North to south 27 
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cross-section of the present-day Illizi and Berkine basins. The present-day post-Hercynian 1 

northward tilt of the Illizi Basin involves all of the Mesozoic section, including the post-Austrian 2 

stratigraphy. This tilting event is due to Cenozoic uplift of the Hoggar region and led to 3 

significant erosion in the southern Illizi Basin (English et al., in review A). Location of the study 4 

area (Well A) is projected along-strike into this section; note that the outcropping formation in 5 

the study area is Namurian and not Jurassic. The thermal maturity of the lower Silurian source 6 

rock (Daniels and Emme, 1995) decreases over the Ahara high due to thinning of the Paleozoic 7 

section, and over the Amguid-El Biod ridge due to increased Hercynian erosion. Both transects 8 

are modified from Galeazzi et al. (2010). 9 

Figure 5: (A) Silurian isopach map (contours from Galeazzi et al., 2010). Along the western 10 

flank, the Silurian thickness is truncated due to Hercynian erosion. Within the Illizi Basin, there 11 

are pronounced Silurian thins over the Ahara high and the Isarene high. The ages of the basal 12 
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new data from the study area, which are dated as middle Telychian. The variation of Silurian 14 
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Tassili N’Ajjers region (upper Rhuddanian; Legrand, 1985). (B) A south to north well 16 

correlation of the lower Silurian shale interval indicates thinning of the basal shale onto the 17 

Isarene high. Hence, areas of thinner gross Silurian isopach correspond to younger basal Silurian 18 

graptolite ages confirming the diachronous Silurian onlap onto pre-existing topography.  (C) 19 

Biostratigraphic data from Silurian graptolites are assigned to the Streptograptus crispus to 20 

Monoclimacis griestoniensis biozones. 21 

Figure 6: (A) Velocity–depth plot of the Tournaisian and Devonian Frasnian shale intervals. The 22 

C40 shale reference curve (from Dixon et al., 2010) was used for this analysis. The measured 23 

velocity of each shale interval was higher than the reference shale compaction curve indicating 24 

that these sequences are overcompacted. The C50 shale reference curve was not used in this 25 

analysis, but it is illustrated, however, to communicate that although this technique provides a 26 

good estimate of relative changes in apparent exhumation, it has a poor resolution in estimating 27 

the absolute magnitude of exhumation, and requires calibration with other techniques. (B) Map 28 

of apparent exhumation across the study area using the average Tournaisian and Devonian shale 29 

intervals. The magnitude of overcompaction is greater in the south indicating greater burial 30 
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depths in the south (Well G) compared to the north (Well A). Black dots indicate wells used in 1 

the analysis. (C) Present-day Top Ordovician structure map (TVD bSRD: below seismic 2 

reference datum +400m [+1312 ft]). The Top Ordovician in Well G is only 22m [72 ft] deeper 3 

than in Well A present-day. (D) The maximum burial depth map of the Top Ordovician is the 4 

sum of maps B and C. The result causes the south to be ‘pushed down’ to account for the higher 5 

degree of exhumation compared to the north. In contrast with the present-day Top Ordovician 6 

structure, the maximum burial map opens up to the north suggesting the field area was, at this 7 

time, on the southern flank of a regional structural high. Well G is estimated to have been ~300-8 

400 m [984-1312 ft] deeper than Well A at peak burial using this technique. 9 

Figure 7: (A) Thermal maturity data from Well A, Well E and Well H in the northern part of the 10 

field. Present-day thermal maturity is higher than what would be expected from current burial 11 

depths (default maturity profile shown by dashed red line) indicating that these rocks have been 12 

hotter in the past. (B) Indicative peak paleotemperatures estimated from maturity data using 13 

Easy%Ro (Sweeney and Burnham, 1990), and assuming a heating rate of 1°C/Myr. This graph 14 

also serves to illustrate the broad similarity between the estimated paleogeothermal gradient at 15 

maximum burial and the present-day geothermal gradient.  16 

Figure 8: Lower Silurian thermal maturity data superimposed on the sonic compaction-derived 17 

maximum burial map for the Base Silurian/Top Ordovician. Maturity data and sonic compaction 18 

analysis independently illustrate the presence of a regional paleostructure to the north of the field 19 

that persisted until maximum burial. Peak burial temperatures from the north to south differ by 20 

~15-20°C [27-36°F], which is supported by both methods. Maturity values are an average of 21 

vitrinite and equivalents (including Rock-Eval pyrolysis data) for individual wells. Control 22 

points in italics represent Silurian maturity estimates extrapolated from Devonian Rock-Eval 23 

pyrolysis data in offsetting wells. Note: There are two available maturity estimates for the lower 24 

Silurian in Well F, and the higher value* is adopted here. 25 

Figure 9: Summary of Upper Ordovician homogenization temperatures (Th) from primary and 26 

secondary aqueous and petroleum inclusions. The first-formed low-salinity aqueous inclusions 27 

indicate modal Th between 135-145°C [275-293°F] in Well A (Panel A) and 140-155°C [284-28 

311°F] in Well G (Panel C). The later high-salinity (>18 wt.%) aqueous inclusions mostly occur 29 

over a cooler temperature range of 85-120°C [185-248°F] (Panels B and E), and are interpreted 30 
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to have formed during exhumation and cooling. An intermediate-salinity (9-16 wt.%) group, 1 

with intermediate Th, was found in Well G (Panel D), and may represent the transition between 2 

the two end-member salinity groups. Primary oil inclusions trapped at peak temperatures (F, 3 

green columns), contain a range of 34-42° API gravity, while later primary oil and aqueous oil-4 

associated inclusions (Panels B and F, black columns), formed at cooler temperatures in late 5 

barite cement, and correspond to a gravity of 46° API. The higher-temperature, quartz-hosted, 6 

primary petroleum inclusions are characterized by single-phase oil, while the lower-temperature, 7 

barite-hosted, primary petroleum inclusions are characterized by phase-separated oil and gas. 8 

The gravity range from the secondary inclusions is 36-46° API and represents the full spectrum 9 

of temperatures (Panel G). 10 

Figure 10: Example of a quartz grain and quartz overgrowth from the Upper Ordovician in Well 11 

D showing the relationship between primary and secondary inclusions. Higher salinity (17.2 12 

wt.%) secondary aqueous inclusions within a healed microfracture cross-cut the quartz 13 

overgrowth and quartz grain, which contain primary inclusions of lower salinity (7-8 wt.%) 14 

formed at higher temperatures (145-170°C [293-338°F]). (Photo by N. Oxtoby). 15 

Figure 11: Actual measured fission-track ages (red circles) versus stratigraphic age according to 16 

depth (modified from English et al., in review A). All samples provide fission-track ages that are 17 

younger than depositional ages, and show a trend of decreasing fission-track age with depth due 18 

to greater degree of annealing. The default profile illustrates the predicted fission-track ages (for 19 

apatites with 0.1 wt.% chlorine content) assuming no additional burial. The measured fission-20 

track ages are routinely younger than the default profile, and suggest that this stratigraphic 21 

sequence has experienced hotter temperatures in the past. The continuous ‘Well A Model’ profile 22 

of fission-track age was generated via forward modelling of the final Well A thermal history 23 

model assuming a chlorine content of 0.1 wt.%. Actual samples with higher chlorine contents 24 

will be more resistant to annealing for a given thermal history, and forward modelling of the 25 

actual fission-track samples (blue squares) may plot off of the continuous profile. The final Well 26 

A thermal history model provides a much better fit to the measured fission-track ages. Fission-27 

track modelling was carried out with HeFTy using the annealing kinetics of Ketcham et al. 28 

(2007). 29 

Figure 12: 1D burial history models for Well A and Well G. 30 
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Figure 13: Thermal history profiles for the Top Ordovician for Well A and Well G. Peak 1 

paleotemperature for the Top Ordovician is estimated at 140°C [284°F] in Well A and 156°C 2 

[313°F] in Well G. 3 

Figure 14: Graph showing the Silurian source rock temperature, transformation ratio (TR) and 4 

volume of oil and gas expelled for Well A and Well G. Well G produces more hydrocarbons due 5 

to greater thermal exposure. Oil expulsion occurs first in the south of the field (Well G) followed 6 

by the north (Well A) during the Carboniferous. Relatively minor volumes of oil and gas are also 7 

expelled during the second phase of burial in the Late Cretaceous to early Eocene. Trap 8 

formation occurred after the second phase of hydrocarbon generation. 9 

Figure 15: Comparison between (A) Top Ordovician peak burial map based on sonic 10 

overcompaction analysis (same as Fig. 6D) and (B) Top Ordovician peak burial map derived by 11 

reversing the Cenozoic uplift via tilting the present-day structure map. Both independent 12 

techniques indicate that the Ordovician field was located on a southward-plunging structural 13 

nose during early Eocene peak burial, and that the present-day structural closure was formed 14 

during the Cenozoic uplift event associated with the Hoggar swell. 15 

Figure 16: Petroleum systems event chart for the Ordovician play in the Illizi Basin.  16 

Figure 17: Expulsion sensitivity analysis as a function of magnitude of Cenozoic exhumation. 17 

Hydrocarbon generation and expulsion is significantly decreased for exhumation magnitudes in 18 

excess of 300 m [984 ft]. In this study, Cenozoic exhumation is estimated at 1230 m [4035 ft] at 19 

Well A in the Illizi Basin, where Namurian strata crop out.  20 
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Well D

1912.26‐1912.32 m x x
1916.81‐1916.88 m x x
1920.00‐1920.08 m x x x x x x

Biozone
Age

1963.7‐1963.8 m x x x x
Biozone

Age
2029.17 m x? x x x
2036.0 m x
Biozone

Age
Analysis conducted by D. Loydell, University of Portsmouth

Streptograptus crispus  to Monoclimacis griestoniensis

Streptograptus crispus  in lowermost sample
middle Telychian

Well D

Well E

Well Z

middle Telychian
Streptograptus crispus  to Monoclimacis griestoniensis  in lower sample

middle Telychian



Vitrinite 
Reflectance

From (m) To (m)
Ro-Random
(*R o -Max) 

Well A EGS Namurian 195 350 V 8 0.63 - 0.07 - 104
Well A EGS Visean C 450 540 V 12 0.62 - 0.07 - 102
Well A KK Tournaisian 720 770 V 10 (0.61*) - 0.05 - 101
Well A EGS Tournaisian 800 885 V 9 0.62 - 0.04 - 102
Well A EGS Devonian F2 990 1105 V 10 0.67 - 0.05 - 110
Well A EGS Devonian MPR 1110 1205 V 7 0.69 - 0.03 - 113
Well A EGS Devonian F3 1235 1330 V 14 0.72 - 0.07 - 117
Well A KK Devonian F4 1330 1350 V 13 (0.67*) - 0.05 - 110
Well A EGS Upper Silurian 1665 1800 B 8 - 0.78 0.05 0.97 142
Well A EGS Lower Silurian 1800 1900 B 9 - 0.84 0.07 1.03 146
Well C EGS Tournaisian 660 780 V 10 0.52 - 0.10 - 89
Well C KK Devonian F2 780 800 V 10 (0.86*) - 0.08 - 134
Well C EGS Devonian MPR 1010 1110 V 8 0.61 - 0.03 - 101
Well C EGS Devonian F3 1140 1240 V 10 0.62 - 0.05 - 102
Well C KK Devonian F4 1250 1270 V 14 (0.86*) - 0.06 - 134
Well C KK Devonian F6C3 1320 1360 V 10 (0.83*) - 0.07 - 131
Well C EGS Devonian F6 Shale 1535 1565 V 6 0.99 - 0.04 - 143
Well C EGS Upper Silurian 1615 1750 V 6 1.02 - 0.08 - 145
Well E EGS Namurian 160 170 V 12 0.68 - 0.05 - 112
Well E EGS Visean C 510 520 V 13 0.64 - 0.06 - 105
Well E EGS Tournaisian 730 740 V 13 0.67 - 0.07 - 110
Well E EGS Tournaisian 880 890 V 15 0.69 - 0.04 - 113
Well E EGS Lower Silurian 1730 1735 C 12 - 0.84 0.08 0.86 134
Well F EGS Visean C 290 300 V 13 0.66 - 0.06 - 109
Well F EGS Visean C 450 460 V 12 0.72 - 0.06 - 117
Well F EGS Tournaisian 640 650 V 11 0.63 - 0.05 - 104
Well F EGS F6C2 shale 1405 1410 V 12 0.67 - 0.05 - 110
Well F EGS Lower Silurian 1845 1850 C 10 - 1.27 0.06 1.27 160
Well F EGS Lower Silurian 1940 1945 C 10 - 1.13 0.06 1.14 152
Well G EGS Visean C 190 200 V 13 0.70 - 0.03 - 114
Well G EGS Visean B 480 490 V 10 0.83 - 0.05 - 131
Well G EGS Tournaisian 590 595 V 15 0.90 - 0.05 - 137
Well G EGS Devonian F2 775 780 V 13 0.94 - 0.07 - 140
Well G EGS F6C2 1380 1385 V 11 0.76 - 0.05 - 123
Well G EGS F6C2 1415 1420 V 7 0.81 - 0.05 - 129
Well G EGS F6M2 1580 1585 C 12 - 0.94 0.05 0.96 142
Well G EGS Lower Silurian 1930 1935 C 10 - 1.34 0.07 1.34 163
Well H EGS Namurian 190 200 V 9 0.73 - 0.04 - 119
Well H EGS Visean C 440 450 V 11 0.70 - 0.07 - 114
Well H EGS Tournaisian 930 940 V 11 0.75 - 0.05 - 122

TABLE 2: NEW REFLECTANCE DATA (THIS STUDY)

Notes: Reflectance data were measured by two different contractors (KK = Keiraville Konsultants and EGS = Egs-ploration). No sample count exceeds 15 measurements due to limited
sample volume, so the maturity estimates must be treated with some caution. Only samples with >5 measurements are provided here. Some Devonian samples with anomalously low
reflectance were excluded due to suspected suppression. Measured indicators include: V= vitrinite; B = bitumen; C= chitinozoan. Measured solid bitumen reflectance was converted to Ro

equivalent using an equation from Schoenherr et al. (2007): [R vit = (R bit + 0.2433) / 1.0495 ]. Measured chitinozoan reflectance was converted to Ro% equivalent using an equation from

Alpern (1970): [R vit = (0.9612 * R chit ) + 0.0521 ]. Vitrinite reflectance values (and equivalents) were converted to indicative maximum paleo-temperature estimates assuming a heating rate of

1°C/Myr (Sweeney and Burnham, 1990). This is close to the modelled heating rate for the Paleozoic burial history, where the Silurian source rock temperature increases 131°C over a period
of 156 Myr (0.84°C/Myr) from the time of deposition to the time of Hercynian exhumation (Fig. 12). 

Std Dev

Indicative 
peak paleo-
temperature 

(°C)

Well Analyst Formation
Bitumen or 
Chitinozoan 
Reflectance

Ro 

Indicator
Sample 
Count

Depth Interval
Vit. Refl. 
Equiv.



TOC S1 S2 S3 Tmax HI OI GP Calc. TR

From To (wt.%) mgHC/grock mgHC/grock mgHC/grock °C mgHC/gTOC mgCO2/gTOC mgHC/grock %
Well A cuttings Devonian F2 990 1105 1.67 0.39 3.92 0.64 438 235 38 4.31 0.09 0.72 60
Well A cuttings Devonian MPR 1110 1205 1.69 0.65 4.52 0.57 439 267 34 5.17 0.13 0.74 53
Well A cuttings Devonian F3 1235 1330 1.26 0.50 3.29 0.46 445 261 37 3.79 0.13 0.85 55
Well C cuttings Devonian F2 870 1000 1.51 0.81 3.81 0.54 442 252 36 4.62 0.18 0.80 57
Well C cuttings Devonian MPR 1010 1110 1.36 1.23 4.10 0.39 441 301 29 5.33 0.23 0.78 48
Well E cuttings Visean C 525 530 2.11 0.10 1.14 2.01 426 54 8 1.24 0.08 0.51 92*
Well F cuttings Devonian F2 845 850 1.02 0.08 0.68 0.96 433 67 11 0.76 0.11 0.63 90*
Well H cuttings Devonian F2 955 960 2.04 0.63 1.59 1.86 435 78 28 2.22 0.04 0.67 88*
Well D core Lower Silurian 14.40 2.68 12.83 0.31 462 89 2 15.51 0.17 1.16 93
Well E core Lower Silurian 5.19 2.15 5.95 0.29 448 115 6 8.10 0.27 0.90 91
Well E core Lower Silurian 8.33 3.22 10.22 0.49 450 123 6 13.44 0.24 0.94 90
Well E core Lower Silurian 2.40 1.10 2.58 0.25 456 108 10 3.68 0.30 1.05 91

Notes: TOC: total organic carbon; S1: hydrocarbon distilled by pyrolysis; S2: hydrocarbon cracked from kerogen during pyrolysis; S3: carbon dioxide generated during pyrolysis; Tmax: temperature at
maximum S2 peak; HI: hydrogen index (S2/TOC); OI: oxygen index (S3/TOC); GP: genetic potential (S1 + S2); PI: production index (S1/GP). Rock-Eval data were screened according to criteria of English
et al. (2015) and Peters and Cassa (1994). The S1 and S2 peaks in the pyrograms were well defined in all samples except Well A (1235-1330m) and Well E (1956.8m), which showed a defined S1 with a
slightly broader S2; both samples still passed the screening criteria. The Tmax to Ro% conversion is from Jarvie et al. (2001) and Peters et al. (2005): [R o % eqv=(0.018*T max ) - 7.16 ]. The Transformation
Ratios (TR) were calculated according to Jarvie et al. (2007) assuming an original PI of 0.02, and an original HI of 630 mgHC/gTOC and 450 mgHC/gTOC for the Silurian core and Devonian-Carboniferous
cuttings samples respectively. *Three of the calculated TRs from the cuttings samples appear to be anomalously high compared to the thermal maturity; this is likely due to the original HI for these
samples being lower than the assumed value of 450 mgHC/gTOC.

TABLE 3: NEW ROCK‐EVAL PYROLYSIS DATA (THIS STUDY)

Well
Sample 

Type
Formation

Depth (m)
PI 

Calc. 
Ro% eqv. 

1920.8
1954.5
1955.7
1956.8



Well A Well G

Quaternary 0 0 0 ‐ 0 22
16 ‐555 ‐690 ‐ 0 22
28 ‐195 ‐330 ‐ 0 22

31.4 ‐130 ‐270 ‐ 0 22
47 ‐350 ‐490 ‐ 45 24

 Ypresian 52 75 75 sandstone, shale 50 24
Paleocene 56 75 75 shale, limestone 75 24

Senonian Carbonate 66 75 75 shale, limestone 75 25
Senonian Anhydrite 78 55 55 shale, limestone, anhydrite 75 26

Senonian Salifere 86.3 30 30 limestone, shale, gypsum, anhydrite 50 26
Turonian 89.8 70 70 limestone 50 27

Cenomanian Limestone 93.9 35 35 shale, limestone 50 27
Cenomanian Argile a Gypse 95 70 70 shale, gypsum, limestone, anhydrite 50 27

Cenomanian D'In Akamil 98 60 60 limestone, shale   50 27
Albian 108 75 100 sandstone, shale 50 28
Aptian 113 15 15 limestone, shale 50 28

Austrian Erosion 119 ‐50 ‐50 ‐ 50 28
Barremian 124 225 250 sandstone, shale 0 28
Neocomian 139 70 120 sandstone, shale 0 28

Upr Jurassic Malm 145 100 100 shale, sandstone, limestone 0 28
Mid Jurassic Dogger Argileux 163.5 20 20 shale 0 27

Mid Jurassic Dogger Lagunaire 168.3 25 25 sandstone, shale, limestone 5 25
Lower Jurassic Liassic 174.1 0 0 shale, limestone, salt 5 25

Triassic 201.3 0 0 sandstone 5 25
Hercynian Erosion 231 ‐475 ‐425 ‐ 0 28

Permian 286 50 175 sandstone 0 23
Tiguentourine 298.9 450 460 shale, silt, gypsum 0 20
Westphalian F 303.9 80 140 sandstone, shale, limestone 0 19
Westphalian E 306 100 200 sandstone, shale, limestone 0 18

Namurian (Well G only) 313 0 105 sandstone, silt, shale, limestone 0 18

Westphalian 309 134 0 sandstone, silt, shale, limestone 0 18
Namurian 316 220 161 sandstone, silt, shale, limestone 0 17
Visean C 326 193 227 sandstone, shale 10 13
Visean B 339 157 179 sandstone, shale, limestone 15 10

Tournaisian 347 76 83 sandstone, silt, shale   20 12
Tournaisian Shale 352 112 135 shale 20 14
Devonian F2 sst 359 87 85 sandstone, shale 20 14

Devonian F2 Shale 363 133 113 shale 20 14
MPR 372 100 159 shale 20 7

Frasnian Erosion 376 ‐10 ‐10 ‐ 100 7
Devonian F3 sst 381 34 29 sandstone,  shale 100 6

Devonian F3 Shale 385 95 97 shale 100 6
Devonian F4 sst 388 20 38 sandstone, shale 50 7

Devonian F4 Shale 393 26 34 shale 40 7
Devonian F6C3 408 50 53 sandstone, shale 30 8
Devonian F6C2 409 18 39 sandstone, shale 20 9
Devonian F6C1 411 89 91 sandstone, shale 15 9

Caledonian Erosion 417 ‐50 ‐50 ‐ 15 10
Silurian F6A Shale 419 97 94 sandstone, shale 15 10

Silurian F6M2 Shale 423 39 39 sandstone, shale 15 10
Silurian F6M1 Shale 426 48 71 sandstone, shale 20 9
Gothlandian Shale 427 210 254 shale 30 7

Silurian Lwr Hot Shale 441 37 16 shale 30 6
Ordovician Unit IV‐3 442 12 37 shale 100 4

Ordovician IV 443 113 77 sandstone, silt, shale 10 5
Ordovician III‐3 445 230 125 sandstone, silt 10 5

Lower Ordovician 470 30 48 sandstone, silt, shale 5 3
Cambrian 485 200 212 sandstone, silt, shale 5 8

base 541

TABLE 4: STRATIGRAPHIC INPUTS FOR WELL A & WELL G 1D BURIAL HISTORY MODELS

Preserved stratigraphy is present up to the Namurian‐Westphalian. Reconstructed stratigraphy based on published and unpublished offset well
data to north, west and east of the study area. Thicknesses of eroded Mesozoic and Carboniferous sediments during Eocene are tabulated in
initial depositional thickness (uncompacted). Exhumation estimates quoted in text refer to compacted stratigraphy.

PRESERVED STRATIGRAPHY

RECONSTRUCTED STRATIGRAPHY

Thickness
Formation

End of Event 
(Ma)

Lithology PWD (m)
Surface 

Temp. (°C)

Eocene‐Miocene
Erosion



Solid Density Initial Porosity Thermal Conductivity
(g/cm3) (%) (W/m/°K) at 20°C

Sandstone 2.65 40 3.85
Shale   2.72 60 1.62

Siltstone 2.65 50 3.35
Limestone 2.71 35 2.93

Gypsum 2.32 2 1.46
Anhydrite 2.96 2 5.02

Halite 2.17 2 5.86

Lithology

Mass heat capacity = 837 (J/kg/°C) for all lithologies. Radioactivity (W/m3) = 1.5*10‐5 for 
shale.

TABLE 5: MAIN LITHOTYPES AND PETROPHYSICAL PROPERTIES USED 
IN 1D BURIAL HISTORY MODELS



Value Data Source
II Cole et al. (2000)

15 Yahi (1999) 
630 Makhous et al. (1997)

Activation Energy (kJ) 215.2
Frequency Factor (1/s) 8.14E+13
Activation Energy (kJ) 278.7

Frequency Factor (1/s) 2.17E+18

Source Rock Parameters

TABLE 6: KINETIC ASSUMPTIONS FOR THE SILURIAN SOURCE ROCK

Organofacies B; 
Pepper and Corvi (1995)

O
IL

G
AS

HI (initial) (mgHC/gTOC)
Average TOC (initial) (%)

Kerogen Type
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