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Abstract

The Triassic TAGI (Trias Argilo-Gréseux Inférieur) fluvial sandstones are the main oil reservoirs in the Berkine Basin, Algeria. None-
theless, their provenance and diagenesis, and their impact on reservoir quality, are virtually unknown. Samples from the Ourhoud field,
representing the Lower, Middle and Upper TAGI subunits, were studied using a combination of petrographic, mineralogical and geochemical
techniques. The Lower TAGI sandstones have an average framework composition of Qgg3Fy¢R1; and 95% of the quartz grains are mono-
crystalline. By contrast, the Middle—Upper TAGI sandstones have an average framework composition of Qgg 3F9 sR| ¢ and 79.7% of the quartz
grains are monocrystalline. The Lower TAGI quartz arenites derived from Paleozoic siliciclastic rocks, whereas the Middle—Upper TAGI
subarkoses originated mainly from metamorphic terrains. This change in provenance is a potential criterion for correlation within the TAGI.
Also, this change has contributed to the significantly different diagenetic paths followed by the Lower TAGI quartz arenites and the Middle—
Upper TAGI subarkoses.

Grain-coating illitic clays are abundant in the Lower TAGI, where they exert a critical control on reservoir quality. These clays are
interpreted as pedogenic and/or infiltrated in origin and to have had, in part, smectitic precursors. Shallow burial Fe-dolomite cementation
was favored in the downthrown block of the field-bounding fault, where it contributed to the poor reservoir quality. Magnesite—siderite
cements are multiphase. The earliest generation is composed of Fe-rich magnesite that precipitated during shallow burial from hypersaline
fluids with high Mg/Ca ratios, probably refluxed residual brines associated with the Liassic evaporites. Later magnesite—siderite generations
precipitated during deeper burial from waters with progressively higher Fe/Mg ratios. Authigenic vermicular kaolin largely consists of
dickite that replaced previously formed kaolinite. Dickitization was followed by late-stage illitization related to the dissolution of detrital and
authigenic K-feldspar. Quartz, the most abundant cement, was mainly sourced by the pressure- or clay-induced dissolution of detrital quartz
and is a critical factor controlling the reservoir quality. Overall, quartz cement is more abundant in the Lower TAGI than in the Middle—
Upper TAGI, and this increase correlates with a decrease in average porosity. Within the Lower TAGI, quartz cement abundance is
stratigraphically very variable, which is in part related to facies controlled variations in grain-coating clay, resulting in major vertical
variations in reservoir quality. Anhydrite and barite cements postdate quartz overgrowth. The sulfate necessary for their formation was likely
sourced by deep subsurface dissolution of Late Triassic—Liassic evaporites.
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1. Introduction

Detrital composition can critically influence the reservoir
quality of sandstones by conditioning the pathway of both
physical and chemical diagenesis (e.g. Bloch, 1994). Intra-
formational variations in detrital composition can thus cause
significant heterogeneity in sandstone reservoir quality.
Compositional changes respond to variations in climate,
depositional facies and, especially, provenance. Recogni-
tion of vertical changes in composition resulting from
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changes in provenance thus has great potential for improv-
ing stratigraphic resolution on a regional scale and, hence,
reservoir correlation. This is especially useful in non-marine
sandstones that typically lack age-diagnostic fossils (e.g.
Morton & Hurst, 1995).

The fluvial sandstones of the TAGI (Trias Argilo-
Gréseux Inférieur) constitute the main oil reservoirs in the
Berkine Basin (Algeria). This basin hosts some of the most
important recently discovered hydrocarbon accumulations
in North Africa (Cochran & Petersen, 2000; MacGregor,
1998a,b). Although TAGI sandstones have relatively high
porosities and permeabilities in many fields, reservoir
quality varies greatly across the Basin and within individual
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Fig. 1. Location map of the Ourhoud field in the Berhine Basin, Algeria, showing the main oil fields and faults in the area.

fields. This has been primarily atwibuted te the cemplex
depesitienal architecture (Echikh, 1998). Therefere, censid-
erable research effert has been made en the sedimentelegy
and stratigraphy ef these depesits (Camey et al., 1999; Scett
& Wheller, 1999; Wheller et al., 1999; Turner et al., 2001).
Hewever, little is knewn ef the prevenance and diagenesis
of these sandstenes, and the implicatiens ef these facters fer
reserveir quality (Echikh, 1998). With the aim ef helping te
clese this gap, this paper describes the cempesitienal and
diagenetic features of the TAGI sandstenes in twe wells
trem the @urheud field (Fig. 1) and discusses their prev-
enance and diagenetic evelutien, as well as the influence of

these facters en reserveir quality. In particular, this study
reveals that the TAGI successien centains a significant
intrafermatienal change in dewital cempesitien caused by
a change in prevenance. This change in cempesitien
prevides a petential criterien fer stratigraphic cerrelatien
within the TAGI. This paper alse illustrates that the
reserveir quality of the TAGI sandstenes is largely
centelled by the distinct pathways ef diagenesis fellewed
by the sandstenes eof the Lewer and Middle—Upper parts
of the TAGI. This variatien in diagenesis is mainly
related te differences in initial feldspar centent and in
syndepesitienal grain-ceating illitic clays.



2. Geological background

The intracratenic Ghadames Basin centains up te 6 km
of Palecezeic and Mesezeic sediments and stretches ever
parts of eastern Algeria, western Libya and seuthern
Tunisia (Fig. 1) (Acheche, M’Rabet, Ghariani, @®uahchi, &
Mentgemery, 2001). The term ‘Berkine Basin’ refers te the
western, Algerian part ef the Ghadames Basin (Cechran &
Petersen, 2000). In the subsurface, the Berkine Basin is
limited te the west and nerth by the Hassi Messaoud and
Dahar structural ridges, respectively. Seuthward, the
Berkine Basin is separated frem the Illizi Basin by the
Mele D’Ahara, which acted as a centinental paleehigh
during the Mesezeic and Cenezeic (Gauthier, Beud jema,
& Leunis, 1995).

The Paleezeic (Cambrian te Early Carbenifereus) fill in
the Berkine Basin censists of a predeminantly siliciclastic
successien reaching up te 3.5 km in thickness (Askri et al.,
1995) (Fig. 2). The Hercynian eregeny caused uplift and
partial eresien aleng the basin margins. During the early
Mesezeic, an extensienal basin was superimpesed en the
pre-existing Paleezeic basin. The Mesezeic basin recerds
sedimentatien en a seuthern centinental margin ef the
Tethyan sea and centains up te 4 km ef sediments (Beete,
Clark-Lewes, & Traut, 1998) (Fig. 3). Centinental Triassic
depesits were depesited ever a Hercynian uncenfermity in a
series of nertheast-trending grabens that epenecd te the
prete-Tethys teward the nertheast (Beud jema, 1987; Jacksen,
Moeere, Quarles, & Bellis, 1996). Prevalent marginal
marine cenditiens since the Late Triassic resulted in a
thick successioen of Upper Triassic and Liassic evaperites,
which are everlain by Late Jurassic te Early Cretaceeus
carbenates and siliciclastics (Askri et al., 1995) (Fig. 2).

An early Aptian phase of defermatien resulted in strike-
slip faulting, lecalized tectenic inversien and uplift (Beete
et al., 1998; Echikh, 1998; Jacksen et al., 1996). Renewed
late Aptian te Senenian subsidence resulted in the sedimen-
tatien ef a carbenate- and evaperite-deminated successien,
up te 1 km thick (Fig. 3). Eecene te Miecene cempressienal
tectenic activity caused subtle felding, uplift, and eresien,
especially te the nerth (Beete et al., 1998). Tertiary sedi-
ments are preserved enly in the central parts of the basin and
censist of a relatively thin (<<200 m) Miecene te Pliecene
successien uncenfermably everlying Upper Cretacesus
strata.

The @urheud (@RD) eil ficld, subject of the present
study, is lecated within the central part ef the Berkine
Basin. Here, mest of the eil ficlds discevered lie aleng a
SW-NE eriented wend (Fig. 1). This trend centains at
least six fields which have reserves exceeding 250 millien
barrels of eil equivalent (VMIMVIB@E), and three of them (El
Berma, Hassi Berkine Seuth, and @RD) have reserves
>1000 MIVIB@E (Carney et al., 1999; Cechran & Petersen,
2000, MacGreger, 1998a,b; Shirley, 2000). Mest of this
eil is reserveired in TAGI sandstene in swuctural traps
sealed by Liassic evaperites. The traps eriginated as tilted

fault blecks during the Late Triassic—Liassic extensien
phase and seme of them were later medified by the Aptian
transpressive defermatien (Beete et al., 1998; Cechran &
Petersen, 2000; Echikh, 1998; Jacksen et al., 1996).

Lewer Silurian and Upper Devenian (Frasnian) black
shales are the primary petreleum seurce recks acress the
whele Saharan Platferm, including the Berkine Basin
(Makheus, Galushkin, & Lepatin, 1997; Yahi, Schaefer, &
Littke, 2001). In the nerthwestern part ef the basin, these
seurce recks subcrep the Hercynian uncenfermity and are
thus in direct centact with Triassic sandstenes (Fig. 2). This
facilitated lateral updip migratien te the seutheast, charging
Triassic sandstenes in structural traps sealed by Triassic—
Liassic mudstenes and evaperites. The eil fields of the
central part ef the Berkine Basin are lecated a relatively
shert distance updip ef the Devenian subcrep and thus the
Frasnian shales censtitute the mest likely hydrecarben
seurces (Fig. 2). In fact, twe-dimensienal basin medeling
and maturity data (Yahi et al., 2001) suppert the hypethesis
of a Frasnian seurce fer the eils of ®@RD and nearby fields.
Accerding te the same authers, in the central Berkine Basin
petreleum generatien frem the Frasnian seurce beds peaked
during the Late Cretaceus—Tertiary, and these seurce recks
are currently in a mature te late mature stage.

2.1. TAGI stratigraphy

The Carnian TAGI sandstenes are present ever a large
part of the Berkine Basin, cevering the Hercynian uncen-
fermity (Fig. 2). They can exceed 100 m in thickness and
pass te the NW inte shales and velcanic recks (Beudjema,
1987). In the central and SW parts ef the basin, mest
TAGI sandstenes were depesited in fluvial braidplains
that drained NE (Cechran & Petersen, 2000, Wheller et al.,
1999). Stratigraphically upward and teward NE, the braided-
river sandstenes grade inte meandering river depesits,
which in turn pass in the El Berma area inte tide-influenced
deltaic sediments (Ben Tahar, 1991; Echikh, 1998). The
everall wansgressive character of the TAGI culminated
with the depesitien of the ceastal te shallew marine shales
and carbenates of the “Triassic Carbenate’ unit (Beudjema,
1987).

The TAGI centains several laterally extensive mudstene
intervals (Acheche et al., 2001; Beud jema, 1987), which are
interpreted, in part, te be lacustrine in erigin (Carney et al.,
1999, Wheller et al., 1999). In the cenwal-western part ef
the Berkine Basin, the presence eof these intervals has
allewed the subdivisien ef the TAGI inte three main
sandstene/mudstene units (i.e. Lewer, Middle and Upper;
Fig. 3; Ferd and Scett, 1997; Cechran & Petersen, 2000;
Scett & Hewells, 2000). Accerding te Daniels, Heok,
Serensen, and Emme (1994), the lewer TAGI is trans-
gressive and represents a third-erder sequence. In the
ORD field, the Lewer TAGI can be further subdivided
inte three subunits referred te, in the fellewing, as TLI,
TL2, and TL3 (Fig. 3).
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Fig. 2. NNW-SSW generalized cross secion through the Berline Basin, showing the locasion of major oil fields of the cenwal part of the basin. Modified from Boote et al. (1998).
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Fig. 3. Generalized swatigraphy of the Ourhoud field area, showing the location of the main hydrocarbon reservoirs and a scheme of the swatigraphic
subdivision of the TAGI.

The mudstene bed that separates the Middle TAGI
trem the Upper TAGI, knewn as the ‘A-B shale’, is a
regienal stratigraphic marker. Tewards the nertheast, it
centains marine fessils (Ben Tahar, 1991), suggesting
that mudstene depesitien, at least in this stratigraphic
level, may be related te relative sea-level rise. Miner

uncenfermities, lecally marked by paleesels, eccur at
the tep of the majer mudstene units (Ben Tahar, 1991).
This suggests that seme ef the sandstene—mudstene
sequences may have fermed in respense te cyclical varia-
tiens in base level, likely te be related te relative sea-level

changes.



Table 1

Modal compositons of selected representaive sandstones

Sample depth (m)

Unit

Quartz monocrystalline, undulosity < 5*
Quartz monocrystalline, undulosity >5°
Quartz polycrystalline 2-3 subgrains
Quartz polycrystalline >3 subcrystals
Carbonate replacement of quartz
Anhydrite/barite replacement of quartz
K-feldspar, single crystals
Carbonate/sulphate replacement of K-feldspar
Plagioclase, single crystals

Kaolin, replacement of feldspar
Metamorphic rock fragments

Plutonic rock fragments

Sandstone rock fragments

Mica

Stable heavy minerals (Zircon, rutile, tourm,...)
Argillaceous inwaclasts

Siderite replacing argillaceous inwaclasts
Pyrite replacing argillaceous intraclasts
Argillaceous laminae

Framework total

Clay coatings

K-feldspar overgrowths
Vermicular kaolin cement
Fe-dolomite cement
Quartz overgrowths
Siderite—magnesite cement
Barite cement

Anhydrite cement

Bitumen

Pyrite cement

Thin section porosity (total)

Primary porosity

Secondary porosity after feldspar
Secondary porosity after cem feldspar
Helium porosity

Penmeability (Md)

Grain size

Sortng

Original porosity (esWmated)
Intergranular volume

3306.65

TL1 (%)
435
173
13
03
Y
'Y
'Y
Y
'Y
X
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X
40
Y
Y
3.0
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Y
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1.3
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39.0
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32935
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573
93
33
10
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15
X
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Y
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)
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Y
735

13.¢
(X}
30
(X}
18
33
L
L
L
L1

55
4.0
15
(X}
18.8
12.0
mL
mws
34.0
253

329875
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405
220
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.3
X
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X
Y
X
Y
Y
23
Y
X
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708

14.0
.
5
.
4.8
.
.0
(1]
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.

10.8
93
15
.

19.1

12.0

W
390
285

3271.12
TL3 (%)
54.8
148
35
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Y
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X
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Y
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X
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3. Materials and methods

Thirty selected cere-plug sandstene samples were studied
trem a well (well A) in which reserveir quality is representa-
tive of nermal field cenditiens (i.e. peresity and perme-
ability values clese te field average; Jerge Navarre, pers.
cemm.). Ten additienal cutting samples were analyzed frem
a secend well (well B, where ne ceres were taken), lecated
clese te the majer NE-trending field-beunding fault zene. In
well B, the TAGI sandstenes have gamma ray values similar
te well A, but leg-deduced peresities are significantly lewer,
suggesting pessible diagenetic differences between the twe
wells. The samples represent, in similar prepertiens, the
Lewer TAGI (21 samples, ~32 m of sandstene), and the
Middle—Upper TAGI (19 samples, ~32 m of sandstenc).
After remeving eil using acetene, plug slices were impreg-
nated with dyed resin and greund deeply eneugh te remeve
any petential artifact peresity (cf. Pittman, 1992). Twe sets
of deuble-pelished thin sectiens, ene of them stained for K-
feldspar (using sedium cebaltnitrite) and carbenates (using
alizarine red-s and petassium ferricyanide), were prepared
fer petregraphic study. Quantificatien ef mineralegy and
peresity was achieved by ceunting 400 peints per thin
sectien. Bulk and clay mineralegy was cenfirmed and
determined, respectively, by X-ray diffractien (XRD).
Freshly breken and pelished sample surfaces were studied
using a JE@L JSM 6400 scanning electren micrescepe
(SEM) equipped with an energy dispersive X-ray (EDX)
micreanalyzer, in secendary electren and backscattered
electren (BSE) medes. Cathedeluminescence (CL) petre-
graphy was carried eut using a Technesyn MK4 lumine-
scepe. The chemical cempesitien ef carbenate cements was
determined by wavelength-dispersive X-ray spectremetry
using a JE@L JXA-8990 clecwen micreprebe (15 kV accel-
erating veltage, 21.5 nA beam current, S p.m beam size).
Detectien limits were appreximately 100 ppm fer Mg,
150 ppm fer Ca, 250 ppm fer Mn and 300 ppm fer Fe.
The results were nermalized te 100 mel% CaC®;, MgC@®s,
FeC@®;, MnC@®;, and SrC@®;.

4. Results
4.1. Depositional texture

The sandstenes of the Lewer TAGI shew an everall
fining-upwards trend (Table 1). In the basal part, they are
typically mederately well te very well serted and lewer
fine- te lewer cearse-grained. Stratigraphically higher up,
sandstenes are typically mederately well serted and upper
fine te upper medium grained. In the uppermest pertien
of the Lewer TAGI, sandstenes are extremely well serted
and fine grained. Many Lewer TAGI sandstenes shew
laminatien defined by variatiens in grain size. The finer-
grained laminae typically centain abundant grain-ceating
clay and shew a denser packing, as a result ef enhanced

chemical cempactien. Intergranular clay is abundant in
subunit TL2, ranging tfrem 14 te 26 vel%. By centrast,
mest sandstenes frem subunit TL1 centain <5% ef detrital
or authigenic clays. Detrital quartz grains are usually
very well reunded in the Lewer TAGI. An exceptien is
the clay-rich sandstenes in subunit TL2, where numereus
quartz grains shew cerresien embayments.

In the Middle—Upper TAGI sandstenes, the average grain
size is upper fine sand (range: lewer fine te upper medium)
and mest samples are well te very well serted and lack
significant detrital clay matrix (Table 1). Hewever, detrital
clay eccurs as lecal cencentratiens aleng stylelites, which
are mere cemmen in the Upper TAGI, and alse aleng
laminae defined by cencentratiens ef argillaceeus intra-
clasts. These argillaceesus grains are usually defermed by
cempactien and largely cenverted inte pseudematrix.

4.2. Detrital composition

The sandstenes of the Lewer and Middle—Upper TAGI
have different detital cempesitien.

4.2.1. Lower TAGI

The Lewer TAGI sandstenes are quartz arenites, with the
framewerk censisting predeminantly ef menecrystalline
quartz grains (Fig. 4, Table 1). The average cempesitien
is Q@ogsFy¢R; 1 (Fig. 4A). K-feldspar typically represents
<1% ef the framewerk. Plagieclase is absent. Detrital
feldspar was partly disselved and/er replaced by kaelin
during diagenesis. Nevertheless, restered feldspar centent
is remarkably lew: Q(r)e;.F(r)1,R(r),, (Fig. 4B). Restered
feldspar centents are ebtained by adding te actual centents
the percentages of secendary peresity fermed by disselutien
of feldspar grains and ef authigenic minerals interpreted te
have replaced feldspars. The centent ef sand-grade
mudstene intraclasts is variable, cemmenly <S5 vel%, but
higher in laminated samples. Mudstene clasts are mainly
cempesed of illite, which is alse the predeminant detrital
clay in the interbedded mudstenes. Mica and heavy
minerals (zircen, teurmaline and rutile) appear in accessery
quantities (<<0.5 vel%). Sedimentary reck fragments
(quartzarenitic te subarkesic sandstenes) are cemmen
tewards the base. The relative abundance of quartz types
is @my,,Q@p2-3,,@p > 3;;, where @m is menecrystalline
quartz, @p2-3 pelycrystalline quartz with 2—3 subcrystals,
and Qp >3 pelycrystalline quartz with >3 subcrystals
(Fig. 4C). Under CL, the quartz grains shew beth red-
brewn and blue celers, with the eccasienal presence ef
bright red grains. A large number of quartz grains shew
inherited abraded evergrewths, which are mere ebvieus in
matrix-rich sandstenes.

4.2.2. Middle—Upper TAGI

The Middle—Upper TAGI sandstenes are subarkeses,
with the framewerk deminated by quartz, K-feldspar and
mud inwaclasts (Fig. 4, Table 1). Similar te the Lewer
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TAGI, detrital feldspar was partially eliminated during
diagenesis. Actual and restered average cempesitiens
are QsssFesR1e and  Q@(r)g; sF(r)154R(r)15, respectively
(Fig. 4A B). Plagieclase grains (0—4.4% ef the framewerk)
are less commen than K-feldspar grains. Illitic intraclasts
are miner but cemmen cempenents, especially tewards the
tep of the Upper TAGI. They typically eccur cencentrated
in laminae, lecally favering stylelitizatien. @ther miner
framewerk cempenents include micas, metamerphic reck
fragments (quartzese—micaceeus schists), granitic reck
fragments, heavy minerals (zircen, teurmaline and rutile),
chert, and inwraclasts of micrecrystalline siderite. The rela-
tive abundance of quartz types is @m~s ,@p2—3+2QpP > 3111
(Fig. 4C). CL shews beth blue (mere commen in the Middle

TAGI than in the Upper TAGI) and dark red/brewn (mere
cemmen in the Upper TAGI than in the Middle TAGI)
quartz grains.

4.3. Diagenetic phases

Significant diagenetic phases in the TAGI sandstenes
include illite, kaelin, pyrite, K-feldspar, delemite, magne-
site—siderite, quartz, anhydrite, barite and bitumen (Fig. S).

4.3.1. Grain-coating illitic clay

The ceatings censist ef illitic clay platelets arranged
tangentially te, and in places partially detached frem,
grain surfaces (Fig. 6). Usually, the ceats are thicker in
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Fig. 6. Petrography of grain-coating illitic clay in Lower TAGI sandstones. A: cross-polarized-light photomicrograph showing relatively thin illidc coatings on
quartz grains. The coats have inhibited quartz overgrowth, preserving some primary porosity (P), but have favored chemical compacton as revealed by the
predominance of intergranular sutured contacts (arrows). B: cross-polarized-light photomicrograph showing thick illitic coats, whose formation predated
compaction. Note the presence of inherited abraded overgrowths on detrital quartz grains beneath illitic coats (arrows). C: cross-polarized-light photomicro-
graph of a typical Lower TAGI sandstone. The presence of thin illitic grain coats has favored intense chemical compaction, resulding in #ight packing (lower
part of the image). Porosity (P, black) mainly consists of oversized pores probably related to the dissolusion of feldspar grains. Although pores are generally
bordered by grain-coating illite and thus protected from quartz cementation, some quartz outgrowths (arrows) have formed where clay coats were thinner. B
and E: SEM images showing thick illiic coatngs bordering primary porosity. The coats are partially detached from grain surfaces and some quartz outgrowths
(Q) have formed where dewital surfaces were not completely covered by illite. Pore-filling kaolin (K) is locally present. F: SEM image showing authigenic

fibrous illite overgrowing a dewital coating (to the right) and being partially enclosed in quartz cement (to the left).

sandstenes centaining abundant mud intraclasts than in
sandstenes with few mud inwaclasts. In laminated sand-
stenes, ceatings preferentially eccur in the finer-grained
laminae. These textural characteristics are censistent with
an infiltrated (ultimately dewital and/er pedegenic) erigin
fer the grain-ceating illite (cf. Meraes & De Res, 1990;
Pittman, Larese, & Meald, 1992; Walker, Waugh, &
Crene, 1978). XRD reveals that illite is asseciated with
waces of mixed-layered illite/smectite (in the Lewer
TAGI) and chlerite (in the Middle—Upper TAGI). In the
Lewer Tagi, seme illitic ceatings are texturally similar te
smectite, suggesting a smectitic precurser (cf. Merad, Ben
Ismail, De Res, Al-Aasm, & Serrihini, 1994) that weuld
have been partially te cempletely illitized during diagenesis.
The presence of mixed-layered illite/smectite supperts
this hypethesis. Grain-ceating illitic clays are abundant in
the Lewer TAGI, theugh with an irregular stratigraphic
distributien (Fig. S) that is facies cenwelled. In the

Middle-Upper TAGI, grain-ceating illitic clays are
uncemmen, and ceats are usually thin and discentinueus.

4.3.2. Grain-coating keaolin

In samples frem subunit TL2, kaelin (i.e. dickite and/er
kaelinite, sensu Ehrenberg, Aagaard, Willsen, Fraser, &
Duthie, 1993) ferms felt-like mats of platy crystals arranged
tangentially areund grains, lecally eccluding intergranular
peresity. This type ef kaelin is cemmenly mixed with
illitic clays, and in this case CL helps in their discriminatien.
Similar te illitic ceats, the fermatien ef kaelin ceatings
predates cempactien. Lecally, the kaelin masses are red-
stained due te adserbed Fe-exides. XRD indicates that the
kaelin mineral is mestly the dickite pelytype. Sandstenes
centaining grain-ceating kaelin are relatively friable, white
te reddish, typically centain reet traces, and have lew
macreperesity and very lew permeability.
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Fig. 7. SEM images of venmicular kaolin. A and B: pore-filling vernicular kaolin. Most kaolin crystals show the blocky habit typical of dichite, and enclose
remnants of thin kaolinite platelets. B: quartz overgrowths enclose, and hence postdate the precipitafion of kaolin. C and B: kaolinite-dichite vermicules

partially covered by late-diagenetic fibrous illite.

4.3.3. Vermicular kaolin

Kaelin with the characteristic vermicular er ‘beeklet’
texture (Fig. 7) eccurs beth as pere-filling cement and as a
replacement preduct ef feldspars. Mest individual kaelin
crystals shew the blecky habit typical ef dickite (Fig. 7B;
cf. Ehrenberg et al., 1993; Merad et al., 19%4). In fact, XRD
analysis ef a randemly eriented clay fractien frem a selected
sample cenfirmed the presence eof dickite. Dickite mest
likely replaced pre-existing kaelinite, as suggested by the
presence of thin kaelin platelets, interpreted te be remnant
kaelinite (cf. Merad et al., 19%4), enclesed within er
between dickite crystals (Fig. 7). Because ef its general
replacement by dickite, it is difficult te place precipitatien
of the eriginal kaelinite in the paragenetic sequence.
Hewever, kaelinite must have fermed relatively early in
the paragenesis, because it is enclesed by magnesite—side-
rite, quartz, and sulfate cements. This is censistent with the
ebservatien that seme kaelin masses, that seem te be repla-
cive eof feldspars, have been defermed by mechanical
cempactien.

Vermicular kaelin is ubiquiteus in the studied sandstenes,

but it is particularly cemmen in the Middle—Upper TAGI
(Fig. S), due te the higher eriginal feldspar centent in the
sandstenes frem these units. Here, 3RD indicates that, after
illite, kaelin is the secend mest abundant clay mineral.

4.3.4. Pyrite

Pyrite eccurs in miner ameunts (<1 vel%), especially in
Middle and Upper TAGI sandstenes, where it ferms mm-scale
peikiletepic patches, preferentially within argillaceeus
grains and laminae, as well as within plant fragments. Pyrite
is lecally abundant aleng the centacts between sandstene
beds and underlying mudstene, where it eccurs as nedules
of up te 1cm in size (Terence Eschner, pers. cemm.).
Lecally, pyrite alse eccurs as iselated pyritehedrens, up te
50 wm in diameter, that rim detrital grains and are enclesed
in Fe-delemite cement.

4.3.5. Dolomite

Delemite eccurs as peikiletepic crystals and, less
frequently, as mesaics of rhembic crystals. Delemite crys-
tals usually centain abundant fluid inclusiens which give the



Fig. 8. Transmitted-light pewography of Fe-dolomite and feldspar cements. A and B: precompactional fluid-inclusion-rich Fe-dolomite cement completely
occluded the intergranular porosity. High intergranular volumes indicate that cementaton occurred prior to significant compaction. Feldspar (F) and quartz
grains enclosed in the dolomite are devoid of overgrowths, indicatng the early paragenewc wming of the dolomite. C: feldspar cement (black arrows)
overgrowing dewital K-feldspar (F). Fe-dolomite () impeded, and hence predated, feldspar overgrowths. In turn, feldspar overgrowths impeded, and hence
predated, growth of quartz (Q) cement (white arrow).

LB m

Fig. 9. Pewographic aspects of magnesite-siderite cement. A: cross-polarized-light photomicrograph showing precompacional magnesite—siderite thombs (S)
enclosed in quartz overgrowths (arrow). B: postcompactonal siderite (S) postdatng euhedral quartz overgrowths (arrows). C: magnesite—siderite poikilotopic
crystal. In the upper part of the image, magnesite cement (M) is seen to preserve bigh intergranular volume, and the enclosed quartz grains lack overgrowths.
Younger siderite cement (S) in lower part of the image) postdates compaction and euhedral quartz overgrowths (arrows). B: SEM image showing precompac-
#ional magnesite—siderite thomboedra (M) parwally enclosed in quartz overgrowth cement (Q). E: BSE image of a similar area to B revealing zonation of
magnesite—siderite thombs (for details see Fig. 18B); arrows mark quartz cement. F: SEM image showing a relawvely large magnesite—siderite crystal (S).
The youngest growth zone of the crystal is composed of siderite (pistomesite) that posteates quartz overgrowth (Q).



Fig. 10. BSE images illuswatng magnesite—siderite cement swatigraphy: A: Breunnerite (dark grey, MS1, lower right comner) is extensively replaced by
pistomesite (bright, MS3), resulting in a mottled aspect. MS2 breunnerite (medium gray) formns the bulk of this poikilotopic crystal and shows a combination of
sector and concentric zoning. In the upper left coner of the image, pistomesite (bright, MS3) locally overgrowths MS2. B: Breunnerite (dark, MS1) originally
formed the core of this crystal, but it is now selectively replaced by late-stage pistomesite (MS3, bright), which also conswtutes the rim of the crystal. A
prominent corrosion swrface separates MS1 from MS2, which shows fine-scale concentric zoning. C: MS2 covers dewital quartz (in black) surfaces laching
overgrowths, whereas MS3 (BSE—Ilighter, arrows) encloses, and hence postdates, euhedral quartz overgrowths (Q).

been ebserved in well A er in the Lewer TAGI section of
well B.

crystals a turbid aspect in transmitted light (Fig. 8A). A high
Fe centent eof the delemite is indicated by its blue
staining with petassium ferricyanide and was cenfirmed

by EDX analysis. The intergranular velumes (IGV; sensu
Lundegard, 1992) within delemite-cemented demains
usually exceed 40% (e.g. Fig. 8B), which indicates precipi-
tatien during an early stage of burial (a few hundred meters
at mest; cf. Gluyas & Cade, 1997). These high IGVs
resulted frem filling of primary intergranular peresity
during shallew burial and are net apparently influenced by
replacement of grains er frem filling ef secendary peres.
This is because the grains enclesed within delemite usually
de net shew signs ef replacement and delemite has net
been ebserved filling secendary peres. Delemite
predates the precipitatien ef feldspar (Fig. 8C), quartz,
and magnesite—siderite cements, which nermally ever-
grew the euter edges of the delemite crystals. Anhydrite
and barite commenly replace, and hence pestdate, delemite
cement. Delemite is cemmen threugheut the Middle—
Upper TAGI sectien of well B, where assessed centents
range frem ~2 te ~4 vel%. Hewever, ne delemite has

4.3.6. K-feldspar overgrowths

K-feldspar evergrewths are restricted te Middle—Upper
TAGI sandstenes (Fig. 5), where assessed centents range
frem 0.5 te 3%, averaging 1.3%. K-feldspar evergrewths
are cemmenly partially disselved, and restered authigenic
K-feldspar cententsrange frem 1 te 4.25%, averaging 2.2%.
K-feldspar evergrewths are relatively early in the paragen-
esis (Fig. 8C). They predate significant cempactien and alse
magnesite—siderite, quartz, and sulfate cements.

4.3.7. Magnesite—siderite

Magnesite—siderite is a cemmen pere-filling cement
and lecally has replaced feldspars and mud intraclasts. It
eccurs beth as iselated rhembic crystals and as peikiletepic
patches (Fig. 9). Three main generatiens ef magnesite—
siderite (MS1, MS2 and MS3) have been distinguished
under BSE (Fig. 10). MSI is cempesed eof Fe-rich
magnesite (breunnerite) with an average cempesitien ef

Fig. 11. Transmitted-light petrography of quartz, anhydrite and barite cements. A: euhedral syntaxial quartz overgrowths bordering primary and oversized (O)
pores (blue), in a quartz arenite from subunit TL1. B: example of a Lower-TAGI sandstone, in which grain-coating illite has largely impeded quartz
overgrowth and thus accounted for the preservasion of significant primary porosity (blue); minor amounts of quartz cement tend to occur as localized
outgrowths (arrows). C: middle-TAGI sandstone with authigenic overgrowths on feldspar grains (F) that have parwally impeded quartz overgrowths (black
arrows). Porosity (blue) is mostly primary in origin, with addidonal honey-comb porosity (wbite arrows) resulting from (authigenic) feldspar dissolution.
B: postcompactional magnesite—siderite cement (S) replacing feldspar overgrowths (white arrow). Black arrows indicate areas where a first generation
of quartz overgrowth is seen to predate magnesite siderite cement. Note that quartz overgrowths are markedly thicker where magnesite—siderite is absent.
E: poikilotopic anhydrite cement (brown-blue interference colors) with replacement features along the margins of enclosed quartz grains and magnesite—
siderite (S) cement. Arrows point to corroded inclusions of magnesite—siderite. F: poikilotopic anhydrite enclosing euhedral quartz overgrowths (arrows).
G: poihilotopic anhydrite enclosing quartz grains with scarce and irregularly developed overgrowths. The anhydrite preferentially replaced magnesite—siderite
cement, as demonswated by the occurrence of inclusions (black arrows) inside anhydrite crystals. H: poikilotopic barite cement (gray interference colors, B)
has replaced dolomite (W), as indicated by the presence of corroded dolomite inclusions (arrows) within barite. I: fluid-inclusion-rich poiklotopic barite
cement (gray interference colors, B) replace extensively the margins of the enclosed quartz grains.



11 811




(g (11 WY




(Ca. ..5Mg. “4Fe.‘31,Mn.,.1g)C.3 (N = 44) It is relatively
dark in BSE and is cemmenly partially replaced by
yeunger siderite zenes, resulting in a mettled BSE aspect
(Fig. 10A). A cerresien surface separates MSI! frem
MS2 (Fig. 10B). MS2 is mainly cempesed eof Fe-rich
magnesite (breunnerite), with an average cempesitien of
(Caq 005sMgy 53Fey 44sMgy,)C@®; (N = 94), and shews cen-
centric and secter zening (Fig. 10A—C). MS2 can be sub-
divided inte subzenes whese Mg centent decreases
pregressively tewards the yeunger subzenes, with the latest
enc cempesed of Mg-rich siderite (pistemesite). MS3 is
entirely cempesed of Mg-rich siderite (pistemesite) with
an average cempesition of (Cagges Mgy 34Fcy ¢1eMng 4,6)CO5
(N = 73). MS3 has a relatively bright BSE aspect, may
evergrew MS2 and, mere cemmenly, infills irregular
areas within MS1 er replaces extensively MS1 (Fig. 10B).

MSI predates significant cempactien and quartz ever-
grewth, but lecally infills feldspar melds and thus pestdates
seme feldspar disselutien. MS2 pestdates much cempactien
and, at least in part, predates quartz evergrewth. MS3,
hewever, engulfs, and hence pestdates, quartz evergrewth
(Fig. 10C). MS3 is pestdated by anhydrite and barite and
shews ne signs ef disselutien, as it displays euhedral crystal
faces where it berders peresity.

Magnesite—siderite is present threugheut all the studied
sectiens, but with a tendency te gradually decrease in
abundance dewnward (Fig. S). Its abundance is higher in
well B, but this datum must be treated with cautien, as
cutting samples tend te be biased tewards mechanically
mere resistant lithelegies.

4.3.8. Quartz cement

Quartz cement mainly eccurs as syntaxial evergrewths
(Fig. 11A). In clay-ceat-rich sandstenes it alse eccurs as
syntaxial eutgrewths (Fig. 11B) as a result ef partial
inhibitien ef cement grewth by grain-ceating clay. Quartz
cementatien pestdates the precipitatien ef delemite, feld-
spar (Fig. 1 1CD), kaelin, much magnesite—siderite (MS1
and MS2) (Figs. 10C and 11D) and, in part, chemical
cempactien. Seme quartz evergrewths adjacent te feld-
spar melds shew rhembecdral embayments related te the
disselutien ef feldspar evergrewths, indicating that seme
feldspar disselutien pestdated quartz evergrewth (Fig. 11C).
At least twe generatiens ef in-situ (i.e. nen-dewital) quartz
cement can be distinguished under CL. The first generatien
luminesces reddish and the secend is virtually nen-lumines-
cent. The secend generatien is feund te eccur as thicker
layers in stratigraphically lewer recks, particularly belew
a bitumen-cemented interval (see belew).

Quartz is generally the mest abundant cement, averaging
10 vel%. In the Lewer TAGI, quartz cement abundance is
highly variable (1.5-30 vel%) and inversely cerrelates with
the centent in grain-ceating clay (Fig. S). In the Middle—
Upper TAGI, the percentage ef quartz cement is less
variable (5-14.75%) and dees net shew any significant
cerrelatien with clay centent. If the samples with packstene

texture are excluded, the average centents in quartz cement
are 13.1 (Lewer TAGI) and 9.2 vel% (Middle—Upper TAGI).

4.3.9. Anhydrite and barite

Anhydrite cement typically ferms submillimewic peiki-
letepic patches with replacement features affecting the
margins ef enclesed framewerk grains and cements
(Fig. 11E-G). Anhydrite preferentially replaces feldspars,
argillaceeus grains and carbenate cements. This is indicated
by the commen eccurrence of cerreded inclusiens ef these
minerals enclesed in the anhydrite crystals (Fig. 11E).
Anhydrite pestdates cempactien and all the aferementiened
authigenic phases. Alse, anhydrite can be seen te enclese
thick, in-situ quartz evergrewths (Fig. 1 IF). Hewever, else-
where, quartz grains embedded in the anhydrite shew enly
miner (Fig. 11G) er ne evergrewth at all (Fig. 11E). This
is because anhydrite preferentially replaces argillaceeus
pseudematrix and delemite er magnesite—siderite cements,
as demenstrated by the commen eccurrence eof carbenate
and clay inclusiens inside anhydrite crystals.

Barite has a merphelegy identical te anhydrite, and
usually ferms patches eof fluid-inclusien-rich peikiletepic
crystals that tend te replace extensively the margins ef the
enclesed detrital grains (Fig. 11H,I). Barite encleses and
cerredes, hence pestdates, delemite (Fig. 11I), K-feldspar,
kaelinite, magnesite—siderite, and quartz cements. Barite is
invariably asseciated with anhydrite, and beth sulfates
cemmenly ce-exist within the same patches where they de
net cerrede mutually.

Barite is exclusively ebserved in Middle—Upper TAGI
samples (Fig. S), where it eccurs in miner ameunts (up te
3.75 vel% in well A, and up te 4 vel% in well B). Similar te
barite, anhydrite eccurs in virtually all the Middle—Upper
TAGI samples (up te 1 vel% in well A, and up te 1.75 vel%
in well B). Hewever, anhydrite is absent in mest ef the
samples frem the Lewer TAGI except fer these frem the
uppermest part of this unit in well A (Fig. S).

4.3.10. Minor authigenic phases

Miner ameunts ef late-diagenetic fibreus illite eccur
threugheut the entire TAGI successien. It ferms hair- er
thread-like crystals that have replaced er intergrewn with
previeus authigenic er dewital clays (Fig. 6E). It alse ferms
pere-bridges everlying, and lecally partially enclesed
within, quartz cements (Fig. 6F). Illite preferentially
replaces er intergrews with vermicular kaelin (Fig. 7D).

Late-diagenetic bitumen eccurs lecally. It ferms either
pere-filling masses centaining abundant vesicles and shrink-
age cracks er thin, dark brewn ceatings en surfaces of quartz
evergrewths. Significant bitumen (10.25 vel%) is restricted
te ene specific level, where it almest cempletely eccludes
peresity. This level is lecated near te the interpreted present
O®WC. Miner ameunts ef bitumen alse eccur immediately
abeve this level. Elsewhere in the studied sectiens, bitumen
is absent.
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Fig. 12. Plots of porosity vs. quartz cement (A), permeability vs. intergranular macroporosity measured in thin secion (B), permeability vs. quartz cement +
intergranular clay (C) and quartz cement vs. grain-coatng clay (W), for Lower TAGI sandstones.

4.4. Reservoir properties

Primary intergranular peres, berdered by quartz ever-
grewths (Fig. 1 1A) er clay ceats (Fig. 11B), are the pre-
deminant pere type in all the sandstenes examined. Secendary
meldic and heneycemb peres, related te the disselutien ef
detrital and authigenic feldspar, are alse present (Fig. 11C).
Secendary peresity is ef very miner significance in the
Lewer TAGI, because ef its very lew initial feldspar
centents. Hewever, in the Middle—Upper TAGI secend-
ary peresity cenwibutes significantly (2-4.75%) te tetal
peresity.

4.4.1. Lower TAGI

Threugheut the Lewer TAGI, reserveir quality is very
variable and is mainly centwelled by the centent in grain-
ceating clay and quartz cement. High centents in grain-
ceating clay result in sandstenes with packstene texture
(e.g. subunit TL2), which have the lewest thin-sectien
(TS) peresities (<<3%) and permeabilities (<1 mD). @ver-
all, He peresity is inversely cerrelated with quartz cement
velume, especially if the samples with packstene texture
and these extensively cemented by bitumen are excluded
(> = 0.82, Fig. 12A). Permeability is peerly cerrclated

with grain size (r2 = 0.34) and clay centent (r2 =0.23),
and mederately cerrelated with intergranular TS peresity
(r* = 0.6; Fig. 12B). Because this peresity is in turn mainly
centrelled by the cembined effect of quartz cement and
grain-ceating clay, there is alse a mederate cerrelatien
between permeability and the sum ef quartz cement and
grain-ceating clay (»* = 0.5; Fig. 12C).

The abundance ef quartz cement in the Lewer TAGI
appears te be centrelled primarily by grain-ceating clay.
There is atrend of decreasing quartz cement with increasing
grain-ceating clay (Fig. 12D). Hewever, in clay-ceat-peer
sandstenes (i.e. <S vel% ef grain-ceating clay), quartz
cement varies widely (7.5-30 vel%). Seme eof this variatien
may be related te the preximity ef clay-rich facies, part-
icularly tewards the tep ef the Lewer TAGI. Here, in
clay-ceat-peer sandstenes adjacent te mudstene beds,
quartz cementatien is extensive (28—30 vel%) (Fig. 13).
Elsewhere in the Lewer TAGI, quartz cementatien in
clay-ceat-peer sandstenes is less extensive but variable
(7.5-21.5 vel%), and this variatien is net clearly related
te the preximity ef clay-rich facies. In particular, this
applies te the sandstenes of subunit TL1, which have the
best reserveir quality. They have relatively high He
peresities (typically 14-16%), in spite ef the abundant
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quartz cement (typically between 12.5 and 21.5 vel%).
Mercever, their relative cearse grain size and the pre-
deminance of well-cennected intergranular macreperes,
result in relatively high permeabilities. In subunit TL1, the
peresity—permeability pattern is semewhat different frem
the rest of the Lewer TAGI: in subunit TL1, the cerrelatien
between peresity and permeability is better (> = 0.6), and
permeabilities are higher and less variable than in the rest of
the Lewer TAGI.

If the samples with packstene texture are excluded, the
average He peresity is significantly lewer in the Lewer
TAGI than in the Middle—Upper TAGI (13.7 vs. 16.6%,
respectively). Interestingly, the average centent in quartz
cement in these sandstenes is 4% higher fer the Lewer
TAGI than fer the Middle—Upper TAGI, which suggests
that quartz cementatien is ene ef the main causes eof
the everall lewer peresity of the Lewer TAGI reserveir
sandstenes relative te these of the Middle—Upper TAGI.

4.4.2. Middle—Upper TAGI

In the studied cered sectien, reserveir quality is
relatively hemegenceus acress this interval. Peresity
slightly decreases up-sectien, prebably as a result ef
increasing detrital-clay centent. The lewest peresities
relate te elevated abundances ef detrital clay (mud inwa-
clasts and drapes) and thus te higher degrees of cempactien
(see belew). TS peresities usually vary between 9.5 and
142% (Fig. 13). He peresities exceed TS peresities
typically by 2-10% (+* = 0.6), reflecting the presence of
significant micreperesity, which is centained within
authigenic and detrital clays. Permeability is peerly cerre-
lated with He peresity (r* = 0.4), and shews very peer
cerrelatiens with grain size (¥ = 0.16), clay centent ¢t =
0.19) and quartz cement (*> = 0.18). Similar te peresity,
permeability alse tends te decrease up-sectien and the
lewest permeabilities are asseciated with the highest
abundances in dewital clay. The highest permeabilities
cerrelate with cearser-grained lithelegies (medium-grained
sandstenes) and alse with peaks in magnesite—siderite
abundance.

In well B, leg-deduced reserveir quality in the Middle—
Upper TAGI sectien is significantly lewer than in well A.
Because this variatien is net related te differences in detrital
cempesitien, grain size er clay centent, it might be related te
differences in the degree er type of cementatien. In fact, the
tetal velume eof the cements is significantly higher in well B
(23-30%) than in well A (11-22%). This variatien is
mainly due te magnesite—siderite (mean values: 4 vel% in
well A vs. 12 vel% in well B) and sulfate (mean values:
1 vel% in well A vs. 4 vel% in well B) cements. Hewever,
these data must be treated with cautien, as cutting samples
tend te be biased tewards mere indurated lithelegies.
Because delemite cement is enly present in well B, it
has centributed te the lewer peresity in this well relative
te well A.

4.4.3. Compaction versus cementation in porosity reduction

In matrix-free sandstenes, cempactienal peresity less
(C@PL, sensu Lundegard, 1992; initial peresities assessed
after Beard and Weyl, 1973) ranges frem 7 te 26%, aver-
aging 16%, and is clesely related te the centent in depesi-
tienal clay (intraclasts, laminae, and grain ceats) (Fig. 13).
Moercever, disselutien features (sutured centacts and style-
lites) are mere abundant in clay-rich sandstenes and in the
clay-rich laminae ef laminated sandstenes, where peresity is
severely reduced by cempactien (Fig. 6A). In the Middle—
Upper TAGI, C@OPL ranges 10-26% and shews a peer
cerrelatien with detrital clay centent P =03) (Fig. 13).
The lewest C@®PL values (~10%) are feund tewards the
base, where they are related te the presence of precempac-
tienal magnesite cement (Fig. 9E), which presumably acted
as a framewerk-strengthening cement that inhibited
mechanical cempactien. In the Lewer TAGI, C@PL is
mere variable and is centrelled largely by the distributien
of grain-ceating clay (Fig. 13).

The tetal velume of the cements is higher in the lewer
TAGI than in the Middle—Upper TAGI (Fig. 13). The higher
cement velumes of the Lewer TAGI are related te greater
abundances of quartz cement and grain-ceating clay. The
cempactien index (IC@NMP, sensu Lundegard, 1992) allews
the assessment ef the relative impertance of cempactien
versus cementatien in the reductien ef the eriginal peresity.
By pletting of IC@MP versus depth (Fig. 13) it appears that
in the Middle—Upper TAGI cempactien is mere impertant
than cementatien in reducing peresity, whereas in the
Lewer TAGI the centrary applies.

5. Discussion
S.1. Provenance

The Lewer TAGI sandstenes had their seurce in silici-
clastic sedimentary recks, as indicated by their high cempe-
sitienal maturity, the predeminance ef menecrystalline
quartz, which cemmenly bears inherited evergrewths, the
scarcity ef feldspar and mica, and the presence of sandstene
reck fragments. In a QtFL diagram (Dickinsen, 1985)
(Fig. 4D), the Lewer TAGI sandstenes plet at the @t pele,
which is censistent with a ‘craten interier’ prevenance type
(Dickinsen, ep. cit.). Seurce recks were likely Carbenifereus
and Devenian siliciclastics, which subcrep the Hercynian
uncenfermity in the central Berkine Basin (Fig. 2). Pre-
Devenian siliciclastics ceuld have been additienal seurces,
as they were alse expesed during the Triassic aleng majer
paleehighs (Echikh, 1998). The presence of miner quanti-
ties of quartz grains shewing bright red CL is censistent
with a suberdinate velcanic centributien (@wen, 1991). It
is unclear hewever if this centributien reflects penecentem-
peranceus velcanism er if velcanic quartz was recycled
frem Paleezeic strata.

By centrast, the Middle—Upper TAGI sandstenes derived



mainly frem metamerphic terrains, presumably frem the
Heggar Massif te the seuth. Evidence fer such kind ef
seurce terrain includes the presence of significant ameunts
of feldspar, mica, and lew-grade metamerphic reck frag-
ments, and the relative high percentage ef pelycrystalline
quartz. The everall predeminance of brewn-red luminescent
quartz is alse censistent with a metamerphic seurce (cf.
Matter & Ramseyer, 1985; @wen, 1991). Pletted in a
QtFL diagram (Dickinsen, 1985) (Fig. 4D), the detrital
cempesitien of the Middle—Upper TAGI sandstenes indi-
cates a prevenance related te the eresien of centinental
blecks (‘transitienal centinental’ field in Dickinsen’s, ep.
cit., diagram).

Near the base of the Middle TAGI, blue-luminescent
quartz prevails, censistent with an influence of plutenic
seurce recks (cf. @wen, 1991). This inference is further
supperted by the lecal presence ef granitic reck fragments.
An additienal influence of sedimentary seurce areas is
evidenced by the presence ef rare sandstene reck fragments.
The influence of plutenic seurces ceuld have been related te
the eresion of granitic basement in the Dahar paleehigh (cf.
Moerad et al., 1994), which represents the nerthern limit ef
the Berkine Basin.

The marked difference in detrital cempesitien between
the Lewer and Middle—Upper TAGI is thus caused by a
change in prevenance. This change may reflect an unreefing
sequence related te pregressive eresien of the flanks eof the
Heggar Massif. Alternatively, the change in cempesitien
may have been caused by a variatien in seurce area. In
this case, the Lewer TAGI ceuld derive frem lecal expe-
sures of Paleezeic siliciclastics, whereas the Middle—Upper
TAGI ceuld mainly derive frem mere distant seurces, such
as the metamerphic terrains of the Heggar massif.

5.2. Origin of the authigenic phases

5.2.1. Vermicular kaolin

In the studied sandstenes, vermicular kaelin usually
shews the blecky habit typical ef dickite, whese presence
is cenfirmed by XRD. Based en the presence of thin kaelin
platelets interleaved with the blecky kaelin crystals (Fig. 7),
dickite is interpreted te have replaced, at least in part,
previeusly fermed kaelinite. The paragenetic timing ef
this kaelinite is uncertain, but petregraphic ebservatiens
suggest a shallew burial erigin (see abeve).

Because mest kaelin eccurs as sand-grade patches er
within partly disselved K-feldspar grains, the eriginal
precipitatien ef kaelinite is interpreted te have been related
te the disselutien ef feldspar grains. Disselutien ef feldspar
and cencemitant precipitatien ef kaelinite requires pere
water with lew (K*, Na*)/H" raties and a mechanism te
remeve excess silica and (K*, Na*) frem the system. Flux-
ing by freshwaters at shallew depths is a likely explanatien
for such kind ef alteratien ef feldspars te kaelinite
(Bjprlykke, 1998). Since the TAGI sandstenes are fluvial
in erigin, they were fluxed by meteeric water immediately

after depesitien and alse prebably during the develepment
of the subaerial uncenfermities that eccur en tep ef the
TAGI subunits.

Alternatively, acids frem maturing hydrecarben seurce
recks may have induced feldspar disselutien and, if K*
was experted (e.g. te adjacent mudrecks), the subsequent
precipitatien ef kaelinite and equartz (e.g. Werden &
Barclay, 2000). Hewever, if it is cerrect that kaelinite
eriginally precipitated during shallew burial, this mechan-
ism seems unlikely because erganic matter maturatien and
clay-mineral reactiens in mudrecks weuld require higher
temperatures than these nermally expected at shallew
depths.

As discussed abeve, the eriginal kaelinite was replaced
by dickite. Such a replacement requires relatively high
minimum temperatures ($0-130 °C) and pere waters
with lew K*/H™ raties, since etherwise illite weuld ferm
(BEhrenberg et al., 1993). A pessible seurce of H™ during
burial diagenesis is the input ef acids frem maturing seurce
recks. Because K-feldspars are abundant in the Middle—
Upper TAGI, the input ef acids weuld prebably result in
their disselutien and the subsequent release of K*. There-
fere, in erder te keep lew K*/H™ raties, K™ sheuld have
been remeved frem the system, fer instance by experting it
te adjacent mudrecks (cf. Thyne, Beudreau, Ramm, &
Midtbe, 2001)

As deduced frem SEM ebservatiens, dickitizatien is
pestdated by a late phase eof illitizatien. The illitizatien ef
kaelin is favered by high K*/H" raties and lew water-te-
reck raties (Merad, Ketzer, & De Res, 2000). In sandstenes,
the K" required feor late-diagenetic illitizatien is nermally
supplied by the disselutien eof K-feldspars (Bjsrlykke,
1998). In the TAGI sandstenes, petregraphy shews that
there was a late-stage phase of disselutien ef detrital and
authigenic K-feldspars that ceuld have caused the partial
illitizatien ef kaelin. Illitizatien ef kaelin in sandstenes is
favered at relatively high temperatures (nermally abeve
100 °C: Wilsen & Stanten, 1994) and by eil emplacement,
which reduces the mebility of K* and thus prevents its
pessible expert te adjacent mudstenes (Thyne et al.,
2001). Therefere, in the TAGI sandstenes, the ebserved
change frem dickitizatien te illitizatien may reflect an
increase in burial temperature and/er the enset of eil
emplacement. In the Middle—Upper TAGI reserveir,
present-day temperature and fluid centent (~110 °C, eil
saturated) are censistent with a relatively recent timing fer
illitizatien.

5.2.2. Fe-dolomite cement

Fe-delemite precipitated after miner cempactien, as
suggested by the kind ef mutual centacts ef seme ef the
detrital grains enclesed within delemite cement (Fig. 8a,b),
but at relatively shallew depths (ne mere than a few hundred
meters), as indicated by the high IGVs ef the delemite-
cemented areas. Because the TAGI is everlain by up te
~150 m eof Late Triassic and up te ~700 m ef Liassic



depesits, delemite precipitatien mest likely eccurred during
the latest Triassic er earliest Liassic.

The NE-trending field-beunding fault zene cenditiencd
the distributien ef delemite cement. Delemite is absent in
well A, and is very rare in ether wells of the @RD ficld
(Chris Carr, pers. cemm.). Hewever, in well B, which is
the enly well lecated in the dewnthrewn bleck ef the
fault, delemite is cemmen threugheut the Middle—Upper
TAGI. This fault belengs te a regienal system of extensienal
faults whese mevement is mainly latest Triassic in age
(Cechran & Petersen, 2000). In the @RD field, this timing
is supperted by a significant thickness variatien (~100 m)
of the Late Triassic—earliest Liassic sectien acress the fault
zene. Because fault mevement and delemite cementatien
prebably have similar timing, it is feasible that extensienal
faulting played arele in the distributien ef delemite cement,
fer instance by previding cenduits fer brine reflux.

The nature of the delemite-precipitating waters cannet be
established frem the available data. Hewever, taking inte
acceunt the burial histery and geelegical setting, it is likely
that the delemite precipitated frem marine-derived waters.
The TAGI is everlain by a ~850-m-thick Late Triassic—
Liassic successien deminated by marginal marine evaper-
ites. Large velumes eof residual brine were undeubtedly
generated during this prelenged peried eof evaperite
depesitien. Taking inte acceunt that such brines have a
high petential fer deep penetratien via density-driven reflux
(e.g. Stanislavsky & Gvirtzman, 1999), they mest likely
replaced the eriginal cennate waters of the TAGI during
its shallew burial histery. The precipitatien eof delemite
frem such brines is favered because they nermally have
high salinities and high Mg/Ca raties (Usdewski, 1994).

5.2.3. K-feldspar cement

K-feldspar evergrewths pestdate delemite cement but,
similar te delemite, they predate significant cempactien
and thus fermed at relatively shallew burial depths, preb-
ably belew a few hundred meters of everburden. K-feldspar
precipitatien requires high silica activities and high K*/H™"
raties (Merad et al., 2000). Refluxed residual brines asse-
ciated with the Liassic halite evaperites are pessible seurces
for K*. Itis unlikely, hewever, that the aluminum and silica
necessary fer K-feldspar precipitatien were supplied by
these brines, given the lew cencentratiens ef silica and
aluminum in sea waters. Therefere, it is mere likely that
aluminum and silica were internally seurced by the altera-
tien of detrital silicates, particularly feldspars. As discussed
abeve, during shallew burial the TAGI sandstenes were
prebably fluxed by hypersaline brines, which are nermally
acidic (Haner, 1994) and thus capable eof disselving detrital
feldspar. @ther pessible internal seurces ef silica, such as
biegenic silica, pressure selutien, er Illitizatien ef smectitic
clays, can be ruled eut because: biegenic silica is absent,
K-feldspar evergrewths predate pressure selutien, and
illitizatien ef smectitic clays is temperature dependant
and nermally requires minimum burial depths ef 1-2 km

(Weed, 1994), incensistent with the ebservatien that K-
feldspar evergrewths predate significant cempactien.

Due te the greater chemical stability ef authigenic with
respect te detrital feldspar, it is feasible fer feldspar ever-
grewths te have precipitated cencurrently with the disselu-
tien of dewital feldspars (De Res, Sgarbi, & Merad, 1994).
In the TAGI sandstenes, the streng pesitive cerrelatien
between the centents in detrital and authigenic feldspar
(r2 = 0.83, N =130) is censistent with this pessibility,
but such cerrelatien may be alse influenced by the higher
availability ef suitable nucleatien surfaces in the sandstenes
richer in detrital feldspar.

5.2.4. Magnesite—siderite

Petregraphy shews that magnesite—siderite cement is
multiphase and precipitated ever a range eof burial depths.
The earliest generatien (MS1), cempesed by ferrean
magnesite, precipitated during relatively shallew burial, as
indicated by the high IGV preserved within MS1 patches.
Later generatiens, mainly cempesed by magnesian siderite,
pestdate cempactien and thus precipitated during deeper
burial.

The precipitatien ef diagenetic magnesite requires pere
fluids with Mg/Ca melar raties exceeding 4@ (Aharen,
1988). Alse, because aqueeus Mg®" is highly hydrated
and thus relatively unreactive, the fermatien ef magnesite
at relatively lew temperatures requires selutiens ef very
high ienic strength, which are given by chleride selutiens
(Purvis, 1989; Usdewski, 1994). Magnesite precipitatien is
thus favered in halite-saturated evaperated sea waters,
which are characterized by very high Mg/Ca melar raties
and high ienic strength (Usdewski, 1994). In the Berkine
basin, such brines were certainly generated during the
depesitien ef the Liassic evaperites, which include halite
intervals exceeding 300 m in tetal thickness. Because the
TAGI sandstenes are lecated just belew the evaperites,
the residual brines sheuld have migrated inte them by
means eof density-driven reflux. Therefere, the magnesite
cements prebably precipitated during shallew burial frem
residual brines, related te the depesitien of Liassic halite
evaperites (cf. Garber, Harris, & Berer, 1990; Purvis,
1989). The precipitatien ef the TAGI magnesites frem
cennate meteeric waters is unlikely, because these waters
nermally have lew Mg/Ca raties. Mereever, an enrichment
in Mg ef the initial meteeric waters is imprebable because
ne Mg-rich recks (such as ultramafic recks er nen-marine
evaperites) are knewn in the area.

The high Fe" centent of the MS1 magnesites indicates
availability ef reduced Fe?". Pessible seurces of Fe are the
reductien ef hematite and geethite, commen in the Lewer
TAGI, er chlerite and bietite, present in miner ameunts in
the Middle—Upper TAGI. Later, burial-diagenetic mere Fe-
rich magnesite-siderite generatiens (MS2 and MS3) have
cempesitiens that indicate precipitatien frem waters with
pregressively higher Fe/Mg raties.



5.2.5. Quartz cement

Quartz cement pestdates significant cempactien and
has thus precipitated during relatively deep burial. It is
likely that mest ef the silica required for quartz cementatien
was internally seurced by the pressure- er clay-induced
disselutien ef detrital quartz grains. This is suggested
by the cemmen presence of quartz disselutien features
(intergranular disselutien centacts and stylelites) in mest
of the sandstenes examined. Alse, in the Lewer TAGI,
this seurce ef silica fer quartz cement is suggested by the
alternatien ef: (1) relatively clay-peer sandstenes rich in
quartz cement, and (2) clay-ceat-rich, mere tightly
cempacted sandstenes with little quartz cement and premi-
nent quartz disselutien features.

As discussed abeve, in the Lewer TAGI sandstenes
quartz cement is inhibited by grain-ceating clay. This
inhibitien effect is cemmenly reperted in the literature
and is nermally atwibuted te the reductien in surface area
available fer nucleatien of authigenic quartz (e.g. Ehrenberg
etal., 1993; Fisher, Knipe, & Werden, 2000). Grain-te-grain
disselutien features are better develeped in clay-ceat-rich
sandstenes (Fig. 6A,C) than in nearby clay-ceat-peer sand-
stenes (Fig. 1 1A), indicating that intergranular illitic clays
played a majer rele in quartz disselutien (cf. Bjgrkum,
1996). It is thus reasenable te assume that clay-ceat-rich
sandstenes experted silica te adjacent clay-ceat-peer sand-
stenes. In the Middle—Upper TAGI, there is ne such alter-
natien ef clay-ceat-peer and clay-ceat-rich sandstenes, but
grain-te-grain disselutien features and stylelites are
cemmen.

Besides dewital quartz disselutien, clay—mineral reac-
tiens in intercalated mudstenes might have centributed
seme additienal silica fer quartz cementatien, especially
in the Lewer TAGI. This centributien weuld explain the
anemaleusly high velumes ef authigenic quartz ebserved
in the clay-ceat-peer sandstenes frem the uppermest part
of the Lewer TAGI, which eccur intercalated between
relatively thick mudstene intervals (Fig. S).

@ther pessible additienal seurce ef silica fer quartz
cementatien is the disselutien ef K-feldspar during burial
diagenesis, which releases silica and may result in the pre-
cipitatien ef quartz and illite (e.g. Barclay & Waerden,
2000b; Bjgrlykke & Egeberg, 1993). If kaelin is present
in the system, the disselutien ef K-feldspar may cause the
illitizatien ef kaelin, previding additienal silica (Thyne et
al., 2001). In the TAGI sandstenes, petregraphy shews that a
late-stage phase ef disselutien indeed affects detrital and
authigenic feldspar, and that seme kaelin is illitized. There-
fere, it is feasible that part ef the silica required for quartz
cementatien is related with the late-stage disselutien of K-
feldspar. Hoewever, because of the very lew eriginal feldspar
centent of the Lewer TAGI sandstenes, this petential seurce
of silica ceuld be significant enly in the Middle—Upper
TAGI. In any case, in this unit the average velume of feld-
spar-related secendary peresity is lew (3.3%) cempared te
the average velume eof authigenic quartz (9.2%), and thus

the centributien ef feldspar-seurced silica te quartz cement
is prebably suberdinate.

At a lecal scale, the primary centrel en quartz cementa-
tien is the diswibutien ef depesitienal clay, especially clay
ceatings. Fer this reasen, the vertical distributien ef quartz
cement abundance cannet be used directly te evaluate the
effect of @il charging en quartz cementatien. It is lmewn that
eil charge can slew dewn quartz cementatien and thus
explain preferential quartz cementatien in water zenes
(Marchand, Haszeldine, Macaulay, Swennen, & Fallick
2000; Werden & Barclay, 2000, Werden, @xteby, & Smalley,
1998). In fact, the secend quartz generatien is thicker in the
samples lecated belew a preminent bitumen-cemented
interval lecated clese te the present-day @WC and likely
fermed by means eof selective remeval eof water-seluble
cempeunds frem the petreleum (cf. Barclay & Werden,
20002).

5.2.6. Sulfate cements

Anhydrite and barite cements precipitated very late,
because they pestdate cempactien and all the abeve-
described authigenic phases. Beth sulfates are usually
feund tegether in the same patches, suggesting that they
are genetically related. The scarcity of quartz evergrewths
inside seme barite—anhydrite patches might indicate that
seme sulfate predated quartz evergrewth (cf. Merad et al.,
1994). Nevertheless, anhydrite and barite usually replace
previeus phases, especially carbenates (Fig. 11G,H). As
a censequence, the sulfates lecally mimic the textural
relatienships ef carbenate cements, which largely predate
quartz cement. In cenclusien, the scarcity of quartz ever-
grewths inside certain sulfate patches is cempatible with
the precipitatien ef all sulfate after quartz cementatien,
since the sulfates may have replaced pre-quartz carbenate
cements.

The sulfate necessary fer anhydrite and barite fermatien
was likely seurced by the disselutien ef anhydrite, which is
abundant in the evaperite sequence everlying the TAGI.
The deep subsurface disselutien ef halite—anhydrite
sequences nermally preduces sulfate-bearing brines (Haner,
1994) tfrem which anhydrite and barite cements may pre-
cipitate. Such a sulfate seurce has been demenstrated fer
numereus eccurrences of late-stage barite and anhydrite
cements in deeply buried sandstenes frem different basins
(Dwerkin & Land, 1994; Gluyas, Jelley, & Primmer, 1997;
Greenweed & Habesch, 1997; Sullivan, Haszeldine, Beyce,
Regers, & Fallick, 1994).

@ther pessible seurces feor the sulfate of the TAGI anhy-
drites and barites appear unlikely. Sea water is net a likely
seurce because: (1) sulfate cencentratiens in marine waters
are rapidly depleted with depth (Dwerkin & Land, 1994),
and (2) the sulfates precipitated very late, when reflux ef
cencentrated sea waters frem the surface inte the TAGI was
imprebable because of deep burial and sealing by a thick
impervieus evaperite sectien. The exidatien ef pyrite is alse
an unlikely seurce ef sulfate, because reducing cenditiens
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sheuld nermally prevail during the deep burial diagenesis of
eil reserveir recks.

The seurce of Ba>" and Ca’" fer barite and anhydrite
fermatien cannet be established frem available data.
Hewever, an internal Ba>* seurce is suggested by the strati-
graphic distributien ef barite cement, which is restricted
te the Middle—Upper TAGI sandstenes. A plausible
internal Ba** seurce is the disselutien ef detrital K-feldspar,
since (1) dewital K-feldspars may centain barium, (2) petre-
graphy has shewn that K-feldspar was partially disselved
during late-stage diagenesis, when barite cements fermed,
and (3) the Middle—Upper TAGI sandstenes centain
abundant detrital K-feldspar, which is virtually absent in
the Lewer TAGI. Similarly te barite, mest anhydrite eccur-
rences are restricted te the Middle—Upper TAGI, which
weuld be censistent with a centributien ef internally-
seurced Ca?*.

Because anhydrite and barite are prebably late diagenetic
and shew ne signs ef disselutien, the sulfate-precipitating
waters ceuld have been relatively similar te the present-day
fermatien brines. In the Triassic sandstene reserveirs ef the
cenwal Berkine Basin, these brines are exwemely saline
(>350 g/1), C1-Na—Ca—Mg deminated, but centain signifi-
cant sulfate (Askri et al., 1995S; Ben Dhia & Chiarelli, 1990;
Merad et al., 1994; J. Navarre, pers. cemm.). Altheugh the
erigin ef these brines is prebably cemplex, their extremely
high salinity suggest that the disselutien ef evaperites might
have played a rele in their fermatien (cf. Haner, 19%4).
Seme cempesitienal features ef the present-day brines,
such as the presence of sulfate, centents in Ca higher than
in Mg, lew Br cencentratiens, and lew Br/Cl raties, are alse
censistent with a significant centributien ef selutes derived
frem the disselutien efhalite—anhydrite evaperites (Carpen-
ter, 1978; Haner, 1994). Aleng the SE berder of the Berkine
Basin, gravity-driven flew eof meteeric waters is currently

taking place threugh TAGI-equivalent sandstenes (Ben
Dhia & Chiarelli, 1990; Beeote et al., 1998; Chiarelli,
1978; Echikh, 1998). Salinity gradients and petentiemetric
data shew that this flew dees net currently affect the central
part of the basin (Ben Dhia & Chiarelli, 1990). Hewever, we
cannet exclude this pessibility during past humid climatic
phases, previding thus a pessible mechanism fer deep
subsurface disselutien ef the Liassic evaperites.

Based en mutual textural relatienships and the abeve
discussien, the interpreted relative chrenelegy ef the differ-
ent diagenetic features is summarized in Fig. 14.

5.3. Implications for reservoir quality

Prevenance has influenced reserveir quality mainly by
cenditiening the distributien ef detrital feldspars, which
caused significant variatien in the diagenetic paths fellewed
by the Lewer TAGI quartz arenites and the Middle—Upper
TAGI subarkeses.

Secendary peresity created by the disselutien ef feldspar
is enly significant in the Middle—Upper TAGI, where it
has centibuted netably (mean: 3.3%) te tetal peresity.
Hewever, this secendary peresity generatien was balanced
in part by the precipitatien ef by-preducts ef feldspar dis-
selutien, such as authigenic K-feldspar (mean: 1.3%) and
kaelin (mean: 1.3%). Furthermere, the precipitatien ef
sulfate cements is largely restricted te Middle—Upper
TAGI sandstenes (mean: 0.7%), pessibly because feldspar
disselutien previded the required catiens.

The precipitatien ef late-diagenetic illite may critically
influence the permeability ef feldspar-bearing sandstenes
(e.g. Ramum and Ryseth, 1996; Midtbg et al., 2000). In the
cercd Middle—Upper TAGI sectien studied, hewever, illiti-
zatien is incipient and thus seems net te be a critical facter
feor reserveir quality. This sandstene sectien is currently at



~3250 m eof depth, where cerrected present-day tempera-
tures are ~ 110 °C (Yahi et al., 2001). Because illitizatien is
influenced by temperature (Bjerlykke, 1998), the impact of
late-diagenetic illite en permeability ceuld be highly signif-
icant in mere deeply buried Middle—Upper TAGI sandstene
sectiens.

@ther diagenetic facters, net directly centrelled by
detrital cempesitien, have caused significant variatien in
reserveir quality within the TAGI. Cempactien and espe-
cially quartz cementatien are perhaps the mest impertant. In
the Lewer TAGI, beth facters are primarily centrelled by
the distributien ef grain-ceating clay, which is in turn facies
centrelled and thus petentially predictable. In the Lewer
TAGI, the centent in grain-ceating clay is swatigraphically
variable, resulting in majer variatiens ef reserveir quality.
Besides, quartz cement seems te be the main cause fer the
everall lewer peresity of the Lewer TAGI sandstenes with
respect te the Middle—Upper TAGI sandstenes.

Cementatien by delemite acceunts fer a significant lateral
variatien in peresity. The areal distributien and paragenetic
timing ef the delemite is censistent with the interpretatien
that cementatien was favered in the dewnthrewn bleck ef
the NE-trending, field-beunding fault. Peresity reductien by
magnesite—siderite cement is of suberdinate impertance and
has net preduced any significant vertical variatien in reser-
veir quality, at least in the studied sectiens. By centrast,
seme magnesite precipitated relatively early and thus may
have acted as a framewerk-swrengthening cement, inhibiting
mechanical cempactien, and thus centibuting te peresity
preservatien.

6. Conclusions

1. There is a significant change in detrital cempesitien
between the Lewer and Middle—Upper TAGI sand-
stenes, caused by a change in prevenance. The Lewer
TAGI quartz arenites were prebably derived frem
Paleezeic siliciclastic recks. By centrast, the Middle—
Upper TAGI subarkeses mest likely derive mainly frem
metamerphic terrains, presumably the Heggar Massif,
with a suberdinate influence of granitic and sedimentary
seurce areas. This change in prevenance prevides a
petential criterien fer swatigraphic cerrelatien.

2. Grain-ceating illitic and lecally kaelinitic clays,
cemmen in the Lewer TAGI sandstenes, eriginated
frem pedegenesis and/er clay infiltratien. Facies-related
variatiens in the velume of grain-ceating clay is ene ef
the mest impertant facters centrelling the peresity and
permeability of the Lewer TAGI sandstenes.

3. Shallew burial Fe-delemite cementatien eccurred
preferentially in the dewnthrewn bleck ef the NE-wend-
ing, field-beunding fault, causing significant lateral
variatiens in peresity. Delemite cementatien was
pessibly related te the activity ef this fault during the
latest Triassic—earliest Liassic.

4. Magnesite—siderite cement is multiphase and precipi-
tated ever a range of burial depths. The earliest genera-
tien is cempesed by ferrean magnesite and precipitated
during shallew burial frem pere fluids with Mg/Ca
melar raties and very high ienic strength, pessibly
halite-saturated evaperated sea waters eriginated
during the depesitien ef the Liassic evaperites and
subsequently refluxed inte the TAGI sandstenes. Later
magnesite—siderite generatiens precipitated during
deeper burial frem waters with pregressively higher
Fe/Mg raties. Peresity reductien by magnesite—siderite
cements has net preduced any significant vertical
variatien in reserveir quality, at least in the studied
sectiens.

S. K-feldspar evergrewths precipitated during shallew
burial. Silica and aluminum were prebably derived inter-
nally frem the disselutien ef detrital feldspar. Refluxed
hypersaline brines pessibly previded pretens and high
petassium activities, necessary feor detrital feldspar
disselutien and K-feldspar authigenesis, respectively.

6. The precipitatien ef authigenic vermicular kaelin was

related te the disselutien ef dewital feldspar. Kaelin
largely censists of dickite, which replaced previeusly
fermed kaelinite. Dickitizatien eccurred during rela-
tively deep burial, and was pestdated by a late-stage
phase eof illitizatien linked te the disselutien ef
detrital and authigenic K-feldspar. The change frem
dickitizatien te illitizatien may reflect increasing
burial temperature and/er eil emplacement. Illitizatien
is incipient and dees net critically affect reserveir
quality, at least in the cered sectien studied.

7. Quartz cement precipitated during deep burial. A signif-
icant part ef the silica was internally seurced by the
disselutien ef detrital quartz. Feldspar-related reactiens
(in the Middle—Upper TAGI) and clay—mineral reac-
tiens in intercalated mudstenes (in the Lewer TAGI)
might have centributed additienal silica fer quartz
cementatien.

8. Quartz cement is enc ef the mest impertant facters
centrelling the reserveir quality of the TAGI sand-
stenes. Quartz cement is the main cause eof the lewer
average peresity eof the Lewer TAGI sandstenes with
respect te the Middle—Upper TAGI sandstenes. The
influence of quartz cement is particularly apparent
within the Lewer TAGI, where quartz cement abun-
dance is stratigraphically very variable and results in
preminent vertical variatiens in peresity and permeabil-
ity. A large part ef the variatien in quartz cement is
centrelled by grain-ceating clay, which in turn depends
en depesitienal facies.

9. Anhydrite and barite cementsprecipitated very late. The
sulfate necessary fer their fermatien was likely seurced
by the deep subsurface disselutien of the Late Triassic—
Liassic evaperites everlying the TAGI. Catiens were
pessibly derived internally frem the disselutien ef
feldspars in the Middle—Upper TAGI.



10. Prevenance has influenced the diagenesis mainly by
cenditiening the diswibutien ef detrital feldspars. Feld-
spar-related secendary peresity, authigenic K-feldspar,
vermicular kaelin, and sulfate cements are largely
restricted te the Middle—Upper TAGI, but the influence
en reserveir quality eof these diagenetic preducts is
prebably higher fer permeability than fer peresity.
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