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Abstract: In an attempt to better understand the thermal history of the Ahnet and Reggane
Basins, the techniques of apatite fission {rack analysis and zircon fission track analysis were
employed on samples from a number of explocation wells previously drilled in the study area.
The results indicated ¢lear evidence for a major heating event at ¢. 200 Ma, overprinted on the
effects of heating cansed by simple burial before the Hercynian uplift. It is proposed that at
least two major phases of hydrocarbon generation took place within the study area; an early,
pre-Hercynian phase, in which chiefly liquid hydrocarbons were expelled and a later phase,
associated with a *heat spike’ at ¢. 200 Ma, in which significant quantities of dry gas were gen-

erated and expelled.

This paper arises from an investigation carried
out by BHP and Sonatrach into the hydrocarbon
potential of the Ahnet, Timimoun and Reggane
Basins of central Algeria. The study encom-
passed the area shown in Fig. 1. Geographically,
the area is located in the Sahara Desert of central
Algeria, immediately to the north of the Hoggar
and Fglab Massifs. Numerous gas discoveries
have been made in the Abnet and Timimoun

Basins of District 3, whereas the Reggane Basin
of District 7 has been explored to a lesser
degree and to date, only a few wells on the north-
ern fringe of the basin have encountered gas with
minor oil shows. Adjacent to the northern part of
District 3, on the western side, is the area known
as the Cuvette de Shaa, which contains several
proven oilfields, none of which are yet in produc-
tion.
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Fig. 1. Location map.
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A key aim of the study was to investigate the
thermal histories of these basins and to deter-
mine the consequences of those histories for the
generation, migration and accumulation of sig-
nificant volumes of hydrocarbons in the study
area. BHP and Sonatrach were also keen to
investigate the relaticnship (if any) between the
study arca and the small oilfields encountered
in Palagozoic reservoirs in the Cuvette de Sbaa.
To this end it was decided to employ the tech-
niques of apatite fission track analysis (AFTA)
and zircon fission track analysis {ZFTA) in an
attempt to shed light on the thermal history of
these basins.

Regional geology

The main structural elements and major basin
lineaments relevant to the study area are shown
in Fig. 2. The Ahnet Basin is one of a series of
north-south trending basins and basement
highs that exist in central and southern Algeria.
The basin is northerly dipping with Cretaceous
and Tertiary-Quaternary cover {o the north and
the Precambrian Hoggar Mountains to the
south. It contains thick Palaeozoic sequences of
Cambrian to Carboniferous age which include
potential hydrocarbon reservoirs, source rocks
and seals, together providing an excellent setting
for a hydrocarbon-bearing basin.

The structural trend in the basin is dominantly
north-south controlled by major sub-vertical
basement linecaments. To the north of the out-
crop area, the basin exhibits a more significant
northwesterly trend. The structures take the
form of large, clongate anticlines and domes
formed compressionally, probably as a result of
the Austrian tectonic event or possibly Variscan
compression.

The generalized stratigraphy of the Ahnet and

~Reggane Basins is shown in Fig. 3. In both

basins, the thickness of the preserved sedimen-
lary sequence has been considerably modified
by erosion associated with Hercynian, Austrian
and Tertiary {Atlassic) earth movements.

In the Ahnet and southern Timimoun Basins,
the pre-Hercynian sequence comprises Cambrian
to Visean and possibly Early Namurian rocks.
The thickest sequence is preserved in the north
of the Ahnet Basin, with over 3000 m of Palaeo-
zoic sediments overlying Precambrian basement
at a depth of some 4000 m. The Hercynian
unconformity cuts down the sequence from
north to south, with only some 2000 m of Palaeo-
zoic section having been preserved in the south of
the basin (Fig. 4).

In the Reggane Basin, the pre-Hercynian
sequence also comprises Cambrian to Early
Namurian rocks. The basin is an asymmetric
syncline (Fig. 5), with a heavily faulted northern
margin, and is bounded to the north by a reverse
fault complex marking the edge of the uplifted
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Fig. 2. The main tectonic elements of the Reggane and Ahnet Basins.
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Fig. 3. Stratigraphic column

Ougaria Ridge. The thickest sequence occurs in
the north of the Reggane Basin, where over
5000 m of Palacozoic sediments are known to
be present and where the Precambrian is esti-
mated to be at a depth in excess of 6000 m.

In both basins, basement of Precambrian—
Early Cambrian age is overlain by a Cambro-
Ordovician sequence of both marine and conti-
nental sediments for which well control is
sparse. This is overlain by thick, Silurian
marine shales which in the Reggane Basin, may
exceed 800 m in thickness, although no well has
yet reached the base of the sequence in the
basin depocentre. In the Ahnet Basin, a maxi-
mum thickness of 1000 m of Silurian sediments
have been penetrated.

During the Silurian, restricted anoxic condi-
tions led to the deposition of highly radioactive

‘hot shales’ which reach a maximum thickness
of 70-80 m in the Ahnet Basin and may exceed
100 metres in the north of the Reggane Basin
(Fig. 6). These ‘hot shales’ are known to have
formed a significant hydrocarbon source rock
for the Reggane and Ahnet Basins, as will be dis-
cussed below,

Towards the end of Silurian times, the Caledo-
nian orogeny resulted in local uplift and the for-
mation of significant local topography with a
general tilt to the north. The sea retreated to
the north and northwest, and the resulting shal-
low marine—<continental conditions persisted
throughout Lower and Middle Devenian
times.

The Late Devonian succession was deposited
in fully marine conditions which spread across
the entire area, resulting in the deposition of a
thick sequence of claystones. During the Late
Devonian, the Reggane and Ahnet Basins were
the principal depocentres in southern and central
Algeria. During Frasnian times, continued uplift
of the basin margins resulted in the development
of restricted anoxic conditions leading to the
deposition of a series of radicactive ‘hot shaies’,
The Frasnian sequence reaches a maximum
thickness of almost 700 m in the west of the
Ahnet Basin and a little over 400 m in the
Reggane Basin. The ‘hot shales” occur in the
lower part of the Frasnian sequence and are gen-
erally at least 50-100 m in thickness. They are
best developed in the eastern and central parts
of the Ahnet Basin, reaching a maximum thick-
ness of some 300 m (Fig. 7), and are believed to
be important hydrocarbon source rocks. In the
Reggane Basin, the Frasnian ‘hot shales’
appear to be less well developed, with a maxi-
mum thickness of 231 m encountered in the spar-
sely drilled centre of the basin.

Mud-dominated marine deposition continued
throughout the remainder of the Upper Devo-
man in both the Ahnet and Reggane Basins.
During Strunian times, a major period of regres-
sion associated with the Bretonian phase of the
Hercynian orogeny resulted in a return to shal-
low marine conditions. Ubplift occurred on
basin margins and at this time, the Qugarta
region became a significant high.

Shallow marine conditions persisted through-
out the Tournaisian and Visean, whereas in the
Repgane Basin, the Visean sequence is also con-
siderably affected by the presence of igneous
sills, particularly in the Djebel Heirane area.

The end of the Visean seems to have been
marked by a pronounced lowering of sea level
and a consequent regressive phase in the Namur-
ian. Rapid deposition continued in the Reggane
Basin where up to 1000 metres of Namurian sedi-
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Fig. 4. Schematic cross-section of the Ahnet Basin.
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Fig. 8. Schematic cross-section of the Reggane Basin.

ments are preserved. In the Ahnet Basin, the
Namurian section appears to be restricted to a
northwest-southeast trending trough in the
north of the basin. Drilling has shown that over
400 m is preserved in some areas,

At the end of Carboniferous times, the Hercy-
nian orogeny resulted in some uplift, folding and
faulting. The uplift caused considerable erosion
of the existing stratigraphy. As will be discussed
below, the magnitude of this unconformity was

significantly increased by later periods of uplift
and deformation. As shown in Fig. 4, the
enhanced Hercynian Unconformity cuts down
the sequence from north to south and with the
exception of the extreme northeast of the Ahnet
Basin, is overlain by the Cretaceous Continental
Intercalaire or younger Tertiary rocks. Many
areas, including the Qugarta Ridge, which con-
tinued to rise, remained areas of non-deposition
until the present day.




THERMAL HISTORY OF AHNET AND REGGANE BASINS

27°N

Fig. 6. Silurian hot shale isopach map.

W

BN

€

25°NL

2E
i -
)
% k3
o 6 \“
LY .\\6
Jr % )
P
\“I
) 1] ,\% "
W ..\) '\l_./.'
WS ‘;z. Ead T 1"
- “‘b\____./ !
'
]
'

Fig. 7. Frasnian hot shale isopach map.

No sediments of Permo-Triassic age are
known from the Ahnet and Reggane Basins. In
the north of the Ahnet Basin, however, some
200230 m of assumed Early-Middle Jurassic
sediments were encountered, comprising clays-
tones with some thin sands at the top of the suc-
cession. These were in turn overlain by 600-700 m

of Early Cretaccous sandstones,

succeeded by

135

260300 m of Cenomanian-Turonian mud-

stones.

Discussion

In previgus reviews of the burial history of the
Palaeozoic section in both the Ahnet and
Reggane Basins, it has been widely accepted
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that this history was dominated by the Hercynian
orogeny, which, it was assumed, resulted in con-
siderable uplift and erosion at the end of the Car-
boniferous. It was previously considered that the
basins achieved maximum burial at this time and
thus the source rocks reached their present state
of maturity before the Hercynian and later epi-
sodes of uplift. Data resulting from the apatite
and zircon fission track analyses carried out by
Geotrack Inc on behalf of BHP and BP, together
with associated organic reflectance measure-
ments, have revealed the possibility of a far
more complex thermal history for these basins.

Present-day heat flow is considerably greater
in central Algeria and in the Ahnet Basin in par-
ticular, than in the rest of northwest Africa. It is
also clear that present geothermal gradients are
relatively low at 34-45°C/km in the Ahnet
Basin and 26-30°C/km in the Reggane Basin
when compared with palacogeothermal gradi-
ents, which in some cases, reached 60-70°C/km.
These very high heat flows undoubtedly contrib-
uted to the advanced state of maturation which is
seen in the Lower Palaeozoic section.

As the timing of maximum palacotempera-
tures within sequences containing prospective
hydrocarbon source rocks generally coincides
with maximum hydrocarbon generation, good
control on the timing is a critical factor in asses-
sing regional hydrocarbon prospectivity. Areas
where the main phase of hydrocarbon generation
occurred after structures were formed will clearly
be more prospective than areas where structures
post-date hydrocarbon generation.

To investigate the evidence of past thermal
events in the rock record, it was decided to
employ the techniques of AFTA and ZFTA,
together with a study of whatever organic matur-
ity data could be obtained from wells previously
drilled in the study area.

Methods

AFTA and ZFTA rely on analysis of radiation damage
features (‘fission tracks’} in detrital apatite and zircon
grains, respectively, within sedimentary rocks. Fission
tracks are produced continuously through geological
time, as a result of the spontaneous fission of U impur-
ity atoms. Once formed, tracks are shortened
(annealed) at a rate which depends on temperature,
and the final length of each individual track is deter-
mined by the maximum temperature which that track
has experienced. Therefore as the temperature to
which an apatite or zircen grain is subjected increases,
all existing tracks shorten to a length determined by the
prevailing temperature, regardless of when they are
formed. After the temperature has subsequently
decreased, all tracks formed before the thermal maxi-

mum are ‘frozen” at the degree of length reduction
they attained at that time.

For apatite, rocks which have been heated to a max-
imum palaeotemperature less than =110°C {the precise
value depends on the chlorine content of the apatite
grain) at some time in the past and subsequently
cooled will contain twe populations of tracks: a shorter
component formed before the thermal maximum and a
longer component representing tracks formed afier
cooling. The length of the shorter component indicates
the maximum palaectemperature, and the proportion
of short t¢ long tracks indicates the titning of cooling
in relation to the total duration over which tracks
have been retained. More complex thermal histories
result in more complex distributions of track length.
If the maximum palaeotemperatures exceeds =110°C,
all tracks are totally annmealed, and tracks are only
retained once the sample cools below this temperature
once more.

In zircon, fission tracks are more stable, and maxi-
mum paleotemperature must exceed =300°C (corre-
sponding to vitrinite reflectance values of at least 5%
Ro(max) before all tracks are totally annealed, with
the time of cooling below =5300°C indicated by the
number of tracks accumulated since cooling began,

The annealing kinetics of fission tracks in apatite
during geological thermal histories is well understood,
onon the basis of study of the response of fission
tracks to elevated temperatures both in the laboratory
(Kaslett ef al,, 1982, 1987; 1989; Green et af. 1986:
Duddy er af. 1988; Green, 1988} and in geological situa-
tions (Gleadow & Duddy 1981; Gleadow et af. 1986;
Green et al. 1989a). Natural apatites essentially have
the composition Cas(PO4),(F,0H,Cl). The amount of
chlorine in the apatite lattice exerts a subtle composi-
tionial control on the degree of annealing, with apatites
richer in fluorine being more easily annealed than those
richer in chlorine. The result of this effect is that in a
single sample, individual apatite grains may show a
spread in the degree of annealing, and the data are
interpreted using proprietary multi-compositional
kinetic equations based both on laboratory annealing
studies on a range of apatites with different Ct contents,
and on observations of gealogical annealing in apatites
from a series of samples from exploration welis in
which thermal histories are simple and well understood.

In studies such as that described in this paper, AFTA
and ZFTA thermal history evaluation provides direct
determination of the timing (as well as the magnitude)
of maximum palacotemperatures, When combined
with conventional maturity indicators, particularly
vitrinite reflectance (VR), AFTA and ZFTA allow
identification and characterization of the major epi-
sodes of heating and cooling that have affected a sedi-
mentary sequence. Specifically, the technique of
thermal history reconstruction provides the following
information: magnitude of maximum palacotempera-
tures in individual samples; timing of cooling from
maximum palaeoternperatures; the style of cooling
from maximum palaeotemperatures (fast or slow);
characterization of mechanisms of heating and cooling;
palaeageothermal gradients; section removed by uplift
and erosion (where appropriate); reconstructed thermal
and burial/uplift histories based on these factors, Using
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this information the thermal history of likely hydro-
carbon source rocks can be reconstructed with confi-
dence, on the basis of measured variables, rather than
relying on modelled results which often have little rig-
orous basis, The resuiting improvement in assessment
of hydrocarbon prospectivity is clearly beneficial in
reducing exploration risk.

A key element in the thermal history reconstruction
is the interpretation of the palacotemperature profile
(i.e. the paiacogeothermal gradient), which allows the
mechanisms of heating (e.g. deeper burial, elevated
heat floor or fluid movements) and cooling (uplift and
erosion, decrease in heat flow, or cessation of fAuid
flow} to be deduced (Duddy et al. 1991, 1994; Bray et
al. 1992; Green er af. 1995),

Two typical end-member cases are illustrated in Fig.
8. A measured palacogeothermal gradient the same as
the present-day geothermal gradient but displaced to
higher temperatures is indicative of heating caused by
deeper burial followed by uplift and erosion (see Fig.
8a). A measure, palacogeothermal gradient higher
than the present-day geothermal gradient that inter-
sects the present-day ground surface at a palacotem-
perature similar to the present-day surface
temperature is indicative of heating caused predomi-
nantly by higher heat flow with cooling caused by
decline in heat flow (see Fig. 8b). In detail, the timing
of cooling determined using AFTA or ZFTA is critical
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Fig. 8. Thermal history reconstruction.

in ailowing the absolute magnitude of uplift and ero-
sion to be attributed to a particular unconformity and
quantified.

Although this technique allows the main elements of
a basin’s thermal history to be reconstructed, thermal
history techniques in general (i.e. fission track analysis,
¥R, biomarkers, hydrocarbon generation, etc.) cannot
currently give quantitative information on ecither the
duration of heating or the thermal history before time
of maximum palacatemperatures, as illustrated in
Fig. 9.

Results

The results of the AFTA and ZFTA studies have
identified a major period of heating at about 200
Ma (Late Triassic—Early Jurassic) which affected
the Palaeozoic section. This heating event
involved very high geothermal gradients over a
large part of the study area, which implies a
phase of regional heating.

In summary, the principal events in the burial
and thermal histories of the Reggane and Ahnet
Basins are thought to be as follows:

(1) Modest geothermal gradients during
Devonian—Carboniferous  times,  Increased
burial led te the onset of thermal maturation in
the Lower Palacozoic sequence with early oil
generation and possibly gas generation from
Ordovician, Silurian and Devonian source
rocks in deeper parts of the Ahnet and Reggane
Basins and in the Shaa Basin.

(2) Hercynian uplift was probably relatively
minor over much of the area, significant effects
being largely confined to the Sbaa Basin and
the northern Ahnet Basin (Table 1). A modest
increase in heat flow, accompanied by deposition
and increased depth of burial hefore the uplift,
was followed by a cooling phase and a suspen-
sion of hydrocarbon generation.

(3) During the Permo-Triassic, little or no
deposition occurred and no further generation
of hydrocarbons took place during this period.

(4) In Late Triassic times, a major thermal
event took place. Igneous rocks were extensively
intruded in the Reggane Basin, as discussed
above, and in the north of the Ahnet Basin,
increased heat flow resulted in very high geother-
ma] gradients in excess of 100°C/km! The causes,
magnitude and duration of this heat pulse are
unknown, but it was probably related to conti-
nental ‘under-plating’ or introduction of hot
material into the crust beneath central Algeria.
Although this event was probably of relatively
short duration, the thermal effects were consider-
able, Source rocks were rapidly heated beyond
the threshold for hydrocarbon generation, and
existing liquid hydrocarbons were cracked to
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gas. It seems likely that the Shaa Basin remained
structurally high after the Hercynian event and
was therefore not affected by this Late Triassic
event, It is probable that no further maturation
took place in the Sbaa Basin.

(5) The thermal event was followed by a Late
Triassic—Early Jurassic phase of deformation
which folded the recently intruded sills and
increased the amount of uplift and erosion at
the existing Hercynian unconformity,

(6) Further deposition in the Jurassic and
Early Cretaceous may have been confined to
the northwest of the Ahnet Basin, but was, in
any case, modified by a further phase of uplift
in mid-Cretaceous times, which resulted in the
removal of yet more section at the Hercynian
unconfortmity.

(7) post mid-Cretaceous deposition resulted in
modest burial and heating of the section, insuffi-
cient to increase maturity.

(8) Finally, Tertiary inversion led to uplift and
erosion of Cretaceous sediments,

The location of the geochemical study wells is
shown in Fig. 10, and the paleotemperature pro-

files obtained for some of the study wells are
given in Figs 11-14,

These profiles, which show present geothermal
gradient, topether with the estimates of palaeo-
temperature derived from AFTA, ZFTA and
vitrinite reflectance measurements, give clear
evidence in each case of the sampled section
having cooled from elevated palacotemperatures
after deposition. In the case of reflectance mea-
surements, it should be noted that, as land
plants appeared in the Late Devonian—Carboni-
ferous, true vitrinite cannot be identified in sec-
tions older than this. Measurements in the
older Palacozoic section, therefore, rely on
other organic matter. In this study, reflectance
measurements were made on graptolites, which
appear to overestimate palacotemperature, and
on chitinous material, which appears to underes-
timate palacotemperature.

The highest estimates of palacotemperature
occur in wells ECF-1 and ZRFW-1 (Figs 11
and 12) where palacotemperatures in excess of
300°C are recorded. It is equally clear that in
the west of the Ahnet Basin, for example at
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Table 1. Estimaies of removed sections for major events in the thermal history of central Algeria

Removed section estimates
Hercynian Early Jurassic Tertiary
Well (m) (m) (m)
Area A: Timimoun—N Ahnet Basin
AFF-1 No evidence 1243 &00
(648-2792)
KB-2 No evidence 249 1400
(418-1555)
MIB-1 No evidence 1181 6010
(533-2566)
TEG-1 No evidence 906 480
(679-1261) (193-1079)
ZRFW-1 No evidence 690 BOO
(590-799)
ECF-1 = 2500 874 > 895
{369-1294)
Area 8:; Eastern Ahnet Basin
I5-2 Na evidence 1059 600
(802-1387)
Area C: Southern Ahanet Basin
ANT-1 Neo evidence 740 1000
(637-911)
BH-3 No evidence 1812 1350
(1066-3438)
Area D: Western Ahnet Basin
MSR-1 No evidence No guantitative 740
analysis possible (395-142¢6)
OTLH-1 No evidence 896 84
(6R6-1254) (<441)
Sbaa Basin
OTRA-1 840 925 321
(545-2003) (>112) (107-1119)
Reggane Basin
RG-1 No evidence 702 > 446
(4527-1890)

OTLH-1, much lower palacotemperatures were
experienced, leading to a somewhat less mature
section, as will be discussed below.

1n the Reggane Basin, paleotemperature pro-
files, as in the case of RG-3, have been locally
severely modified by the effect of Late Triassic
intrusions, which are common in the central
and northern parts of that basin (Fig. 13).

Data from OTRA-1 in the Sbaa Basin (Fig. 14}
indicates that palacotemperatures were generally

much lower than in the surrounding basins,
probably because of the continued relative eleva-
tion of this area since Silurian times.

Figures 15-18 show the reconstructed thermal
histories of a number of wells within the study
area. In each case, the AFTA-ZFTA data pro-
vide evidence for two important phases of heat-
ing, or more correctly, cooling. These
correspond to the Late Triassic—Early Jurassic
event at about 200 Ma and the Late Cretac-
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eous—Early Tertiary event, as mentioned in the
summary above, In some cases, evidence exists
for a possible early event, the ‘Hercynian event’.
As discussed above, it had previously been
assumed that the major heating event to affect
the Ahnet and Reggane Basins had occurred
before Hercynian uplift and erosion, implying a
mid-late Carboniferous timing with the conse-
quence of significant oil and gas generation and
migration having occurred before this event.
This hypothesis was given currency by an ear-
lier AFTA study carried out by BP. Because of
the high degree of Tertiary heating observed in
the wells analysed in this study, the AFTA data
gave virtually no control on the timing of this
early event, other than to identify it as pre-Cre-
taceous. It was clear, however, that a pre-Cretac-
eous heating event had occurred and this was
assumed to be earlier than the Hercynian uplift.
In particular, ZFTA results from a single
sample in well MJB-1 (Fig. 16) gave an age of
310 = 31 Ma. This was seen as compatible
with the assumed timing of Hercynian tectonism
and was interpreted as a complete overprinting
of the zircon system, with cooling at that time.

Wells chosen for the BHP study had experi-
enced less Cretaceous burial and heating and
therefore provided better data on the timing of
this early event, which complemented the BP
data set. Clear evidence was obtained from
wells TEG-1 and ZRFW-1 showing the youngest
fission track ages to be c. 200 Ma, in Late Triassic
times (Figs 17 and 18). Figure 19 shows that the
Reggane Basin is considered to have undergone a
similar thermal history to the Ahnet and Timi-
moun Basins. It is now considered, therefore,
that although a Hercynian event occurred, it
was of less significance, in terms of regional heat-
ing, than the Late Triassic event at 200 Ma,
which was followed by Early Jurassic tectonism.

Evidence from well OTRA-1 (Fig. 20} in the
Sbaa Basin indicates that the measured maturity
levels may be attributed to heating before the
known Hercynian uplift. This was due to either
post-Namurian burial by up to 2000-2500 m of
section which was subsequently removed with
the Hercynian uplift, or a similar amount of
uplift which took place between the Silurian
and the Namurian to remove an older unknown
section. Thus the observed maturities may have




142

{#+ mKB

P. LOGAN & . DUDDY

Temparsture *C
2.4 6 B 10 12 14D 160 180 200 220 240 260 280 300 320

1.0

15¢ "
L e * L
20k ‘-‘ . F
' o =
250 ‘\‘ B =
1)
“ .

.. p— Vissun
0.5 /
Tenti 4 .'_._-‘ Tourmadsisn
arna
i e

30
Present-day " .
anit
B Cikm t n
™
I Corracted BHT massursmant 3438m
4 BHT o wade dus to long circulation time)
et Mnabmiam pelssctsmpansbirs from AFTA: Prior 40 Terteny cooling
e Maamum paseciempersture from AFTA: for cooling commencing a1 some Bme prior to
RCTH
gt MRANTIUM DAESMTEMPATAtUTS from ZFTA <ZB0°C 3t any Hme aier deposkions
® Murmum palesctemparsture from trus viriote
[ ] ; = grisg witrinity [ower-set rmabes ma
pelasotenparaton)
=] ‘?Clion = true vitrinits {under-se mates max
palpsotamparTtice}
Fig. 13. Palacotemperature profile for weli RG-3.
Temperature °C
o mKE 20 A1 &0 80 100 120 140 160 180 200 220 240 360 2080 300 320
w0, OTRA-1 Well
-
*
_ osf *
£ %
= e rmaat s R RN E IR R IR R R R R R R A
- o —i-
100 “ et S—
v o a
e
9, lp—
1.5 42.9°Clon ZFTA

Correctsd BHT maasursmaent

Maximum paissotempersburs from AFTA: Prioe to Tertisry cooling

Q
—
=1 Maxktum pasevismpersturs fram AFTA: Prior to Esry Jursasic cooling
== paximum patasctemparsture from AFTA: Prior o Harcynian cocliyg
o

Maximum paiasotemparsturs from ZFTA: <260°C s any time afler deposition of samphe

. g prap = true vitrinits (over-estimaies max.
u palasohmperaturs)

o i g PChiton = trus vrinks {undar-estimates max.
PAICRMPATATUIS)

Fig. 14. Palacotemperature profile for well OTRA-1.

Earty Crelacecus




THERMAL HISTORY OF AHNET AND REGGANE BASINS 143

500 400 3?0 2?0 1;.3 [}
| Cambrian |ovaavige] 31| Dev. ¥ JPeem| Jucsssid Crotacooun Tertiary |
____TD\_____I____\‘.____

0 A n.f
AN
RTNANN
0 N, -
) TR
(1)
:é' L] Mwmmmdl
g =4 - 92°C wl wround 2008
% 100 —
" Fizzlon tiacks In Tha sniies saction cocied
oy erpaed -"”""—\— - e
120 ‘ ot Eaty Cretcamas
e
1 :g
200 \ g
250
The Namurien section
e \w
with The Ordovickan saction coolkd
tectonism. from maximum pabescteingerriu
o *320°G W1 wround 200 Ma.,

Fig. 15. Schematic illustration of the thermal history reconstruction for well ECF-1 based on AFTA, VR and
ZFTA data.

Time (Ma}

Temparature (* C}

2501

0|

Fig. 16. Schematic illustration of the thermal history reconstruction for well MJB-1 based on AFTA, VR and
ZFTA data.



144 P. LOGAN & 1. DUDDY

Time Ma)
500 400 00 200 100

jCambeiaa focdovician] S—I|| Dev. | Carbonif. &jﬁu.[hchm!Tm

oy
- Hatyviee wers lsa than
14 e rpehiid et e Lk
Trinaxic Sty Aarmec, wd
J.Immnmummd.
00
B | rsonvtsomapuis |\ -
tetalty sreded 1~ T
120
e
1501 Me prossned Prlsanzo
seclicn cooked from
20431 The antire saction cooled
at mrownd 200 e I From palsectempersime
250 1 | ~20°C twgher than pressnt
R D aOb g e atunies. ATl diposition
L P TTE i el vl e of the Earty
00 S20°C st aroure] 200 Ma. moction.

Fig. 17. Schematic illustration of the thermal history reconstruction for well TEG-1 based on AFTA, VR and
ZFTA data.

Tirme {Ma}

Tempematurs {° C)

Fig. 18. Schematic illustration of the thermat history reconstruction for well ZRFW-1 based on AFTA, VR and
ZFTA data.



Fig. 19. Schematic illustration of the thermal history reconstruction for well RG-3 based on AFTA, VR and
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been achieved in some otherwise unknown post-
Silurian, pre-Hercynian event, although this
seems unlikely.

The strong evidence for the late Triassic heat-
ing event from the majority of study wells indi-
cates that this was an important, regional
event. Figure 21 shows the constraints on the
palacogeothermal gradients associated with this
event. Values in the range 50-80°C/km are typi-
cal, representing a considerably greater heat
flow than at present.

Determining the cause of this important event
is problematic. Stratigraphic evidence suggests
that it was probably not accompanied by major
deposition and significant increased burial, and
no Triassic rocks are known from the area,
even where the Jurassic is thought to be pre-
served. Two possible explanations present them-
selves. Fither the region underwent a large
increase in basal heat flow or the heating was
linked to the voluminous emplacement of intru-
sive igneous rocks in the Reggane Basin. As men-
tioned above, doleritic intrusions are common
throughout the Reggane Basin and local heating
effects are clearly visible from the geochemical
data, as in the case of RG-3 (Fig. 13). No such
intrusive rocks are known from the Ahnet

i | arr
{ ‘ I S KB-2
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{ ! TEG-1
. ped b EcRa

! R I18-2

‘ * -_'_ ANT-1
‘ No ibls  MSR-1
Ahnet Bagin —L— OTHLA
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angganWBasln |

Palssoguothermal gradéant “Cllom
' = Prosent day valus * = best fit palasogradient valus

Fig, 21. Late Triassic—Early Jurassic palacogecthermal
constraints.

Basin, although the high levels of thermal matur-
ity seen in some of the northern wells, with coke
textures being observed in organic material from
some wells, may indicate underlying intrusions.

It should also be noted that raised geothermal
gradients alone are insufficient to explain the esti-
mated palaeotemperatures, which are often of
the order of ¢. 10-120°C at the Hercynian uncon-
formity. It is clear that considerable additional
burial, followed by uplift and erosion, would be
required to achieve the observed degree of
maturity. The estimates of uplift and erosion
are given in Table 1. The estimated amount of
section removed is typically about 1 km and is
likely to be related to a Late Triassic—Early Jur-
assic phase of uplift superimposed on an earlier
Hercynian uplift. Evidence of this early Meso-
zoic phase of deformation is also provided by
the presence of folded intrusive rocks in the
southern part of the Ahnet Basin.

Good evidence for the later, Tertiary heating
event is provided by a number of wells which
show consistent evidence for cooling from a
period of elevated palacotemperatures at c.
50-30 Ma. The interpreted small degree of
post-Cretaceous heating is confirmed by the lim-
ited vitrinite reflectance data from the Cretac-
eous section in the wells analysed. The relative
similarity of Tertiary and present-day geother-
mal gradients suggests that post-Cretaceous
heating was due to simple burial.

Figures 22-25 provide summaries of the ther-
mal histories for the different regions of the
study area. In cach case, with the exception of
the Sbaa Basin, the temperature histories are
dominated by a heat ‘spike’ at 200 Ma.

Conclusions: maturity and hydrocarbon
generation

At present, the organic maturities of older
Palacozoic rocks at even modest depths of
burial usually exceed the level required for the
generation of dry gas (2% Ry equivalent),
whereas those in the younger Palaeozoic (Carbo-
niferous) beneath the Hercynian Unconformity
typically lie within the oil window (or lower).
This uniform pattern of maturities would
appear to be an effect of the consistent Late
Triassic heating of the basins. The current
observed maturities of the two principal source
rocks in the basin, the Silurian and Frasnian
hot shales, are shown in map form in Fig. 26
and Fig. 27 respectively. These maps are based
on measured and computed maturities, based
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on the thermal histories derived from the analyti-
cal data.

As is to be expected, the Silurian hot shale is
mature for dry gas generation throughout the
area, with the exception of the Sbaa Basin and
the centre of the Reggane Basin. In these cases,
the admittedly limited data from OTRA-1 in
the Sbaa Basin and from RAN-1 and PRP-101
in the Reggane Basin suggest that these areas lie
within the oil window and wet gas window
respectively. In the case of the Frasnian hot
shale, a variety of states of maturity are sug-
gested by the data. Some areas of the Ahnet
Basin, particularly the north and extreme
south, are mature for dry gas, with high levels
of reflectance. On the western flank, however,
and in the Sbaa and central Reggane Basins,
the interval remains within the oil window.

Figures 28-30 provide burial history curves for
wells TEG-1 (Ahnet Basin), RG-3 (Reggane
Basin) and OTRA-1 (Sbaa Basin). In the case
of TEG-1 it is likely that Silurian and Devonian
source rocks were probably sufficiently mature to
have generated oil before the Hercynian event.
During the Late Triassic event, they would
have been heated through the gas window and
any previously reservoired oil would have been
cracked. On the less deeply buried flanks of the
basin, however, for example at OTLH-1, matur-
ity is sornewhat less and it is possible that oil gen-
eration, particularly from Devonian source
rocks, could have occurred in the relatively
recent past. This is supported by the presence
of oil shows in OTLH-1 and nearby wells,

The history of matuaration for RG-3 is similar
to that for TEG-1, although the overall maturity
is rather lower. Evidence suggests that heating
effects caused by the emplacement of intrusions
are very localized and these have been excluded
from the modelling.

Well OTRA-1, in the Sbaa Basin, indicates
that the Silurian source rocks have not yet
reached the gas window and reached a state of
oil generation before the Hercynian event, since
which time, maturity has not been significantly
increased. Thus oil generated from these source
rocks would have been available for expulsion
and migration before Hercynian tectonism. It
seems unlikely that these cils have remained
entrapped in reservoirs since the Carboniferous,
although this is not impossible. It seems more
likely, however, that the oil currently found in
the Sbaa Basin has been generated on the western
flank of the Ahnet Basin in Mesozoic or later
times and has migrated updip to the elevated
Sbaa Basin.

It would seem therefore that the study area
was affected by two principal phases of heating

and hydrocarbon pgeneration. The first, before
Hercynian tectonism and uplift, involved heating
because of simple burial. During this phase,
liquid hydrocarbons were gemerated in the
Sbaa, Reggane and deeper parts of the Ahnet
Basin. The second phase, in Late Triassic times,
elevated maturities to the gas window in deeper
parts of the Ahnet and Reggane Basins, accom-
panied by cracking of previously reservoired
oils. The Sbaa Basin was relatively unaffected
by this heating event, and no significant increase
in maturation took place. Generation of liquid
hydrocarbons continued on the less mature
flanks of the Ahnet Basin until relatively recently
in geological time.
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